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Abstract: Feature selection is considered as one of the essential steps in data pre-processing. However,
all of the previous studies on predicting PM10 concentration in Malaysia have been limited to
statistical method feature selection, and none of these studies used machine-learning approaches.
Therefore, the objective of this research is to investigate the influence variables of the PM10 prediction
model by using wrapper feature selection to compare the prediction model performance of different
wrapper feature selection and to predict the concentration of PM10 for the next day. This research uses
10 years of daily data on pollutant concentrations from two stations (Klang and Shah Alam) obtained
from the Department of Environment Malaysia (DOE) from 2009 until 2018. Six wrapper methods
(forward selection, backward elimination, stepwise, brute-force, weight-guided and genetic algorithm
evolution and the predictive analytics multiple linear regression (MLR) and artificial neural network
(ANN)) were implemented in this study. This study found that brute-force is the dominant wrapper
method in most of the best models in selecting important features for MLR. Moreover, compared to
MLR, ANN provides more advantages regarding model accuracy and permits feature selection in
predicting PM10. The overall results revealed that the RMSE value for next day prediction in Klang is
20.728, while the AE value is 15.69. Furthermore, the RMSE value for next day prediction in Shah
Alam is 10.004, while the AE value is 7.982. Finally, all of the predicted models in Klang and Shah
Alam can be used to predict the PM10 concentrations. This proposed model can be used as a tool for
an early warning system in giving air quality information to local authorities in order to formulate
air-quality-improvement strategies.

Keywords: hybrid models; air pollution modelling; feature selection; wrapper method; artificial
neural network

1. Introduction

Malaysia is an increasingly developed country. In line with this progress, there are
plenty of advances in technology that indirectly contribute to air pollution. Moreover,
open burning, power plants, motor vehicle emissions and industrial process emissions
are the major sources of particulate matter less than or equal to 10 micrometers (PM10) in
Malaysia [1].
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In observing air quality, Malaysia has been following the Malaysian Ambient Air
Quality Standard for allowable air pollutant levels. According to the Malaysian Ambient
Air Quality Standard, the acceptable threshold levels of PM10 are 50 µg/m3 per year and
100 µg/m3 per 24 h, which are considered to be safe [2]. These particulate matters can
become dissolved and absorbed into the bloodstream, which can later trigger serious
biological effects. In addition, it is also one of the factors that cause lung cancer and
cardiopulmonary deaths. Thus, in facing this hazardous situation, building optimized
forecasting models of PM10 is the best solution in controlling these particle concentrations,
and this also helps to prepare for the worst circumstances.

Feature selection is considered as one of the data pre-processing essential steps and is
important in solving problems of high dimensionality dataset. This method is significant in
discovering correlated features and in removing uncorrelated or redundant features from
the original data set. By implementing the feature selection method, the performance of the
model will be improved as this method will reduce the error by removing irrelevant and
redundant features. However, all of the previous studies in Malaysia were only limited to
statistical methods, such as backward, forward and stepwise analysis, and none of these
studies uses machine-learning approaches, such as brute-force, weight-guided and GA
evolution. Therefore, this study will investigate which approaches are better at selecting
features in predicting the PM10 concentration.

Various methods have been used by previous researchers in predicting PM10 con-
centrations in Malaysia. For instance, a study by [3] determined the best loss function in
boosted regression trees (BRT) for the prediction of the PM10 concentration in Alor Setar,
Klang and Kota Bharu, Malaysia. A study conducted by [4] suggested that the prediction
of PM10 concentrations can be made by considering the conditions of the previous day
event. In China, [5,6] applied deep-learning-network models to predict air pollution. Most
studies do not focus on optimizing the number of inputs in predicting the PM10 concen-
tration. Therefore, this study investigates the optimal number of inputs and identifies the
influence factors for which predictive analytics are suitable for predicting PM10 to compare
the performances.

In summary, this study investigates which variables influence the PM10 concentration
and which approaches are better in selecting features for predicting the PM10 concentration.
Next, this study will investigate which predictive analytics for statistical and machine-
learning methods are commonly used in predicting the PM10 and compare which method
is best in predicting PM10.

According to [7], the goal of feature selection is to discover features that can precisely
and concisely describe the original dataset and later generate new features based on the
original dataset. Feature selection is a method using an algorithm or procedure to retain
the most vital features and their application domain. Feature selection is beneficial in
performance accuracy and complexity reduction as this method removes irrelevant features
from the model. It also reduces the integration time and produces a simpler model, which
is much easier to debug [8–10].

In machine learning, feature-selection techniques are mainly divided into supervised
techniques and unsupervised techniques. The difference between these two techniques is
whether to select features based on the target variable. The supervised techniques use the
target variable in choosing its features. On the other hand, the unsupervised techniques
ignore the target variable in selecting its features [11]. Filter methods, wrapper methods
and embedded methods are among the feature-selection techniques.

A study conducted by Ibrahim et al. [12] aimed to compare the wrapper and filter
methods to maximize the classifier accuracy. Correlation-based and information gain are
the filter methods used in this study. The wrapper methods are sequential forward and
sequential backward elimination. The study [12] applied the selected feature selection
methods obtained from the UCI Machine Learning Repository to measure its performance
and the datasets are Pima Indians Diabetes, Breast Cancer Wisconsin and Spam base.
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As a result, all of the datasets showed that the wrapper method had higher significant
features compared with the filter method. The results also indicated that the logistic
regression performed the best with the highest accuracy, specificity and sensitivity using
the wrapper methods features. Thus, based on the evidence provided by the previous study,
the wrapper method performs better in selecting the features compared to the filter method.

Lastly, a gap in the study was regarding predicting PM10 concentrations using different
types of features. The common method is still limited to statistical model approaches in
feature selection, such as forward, backward and stepwise selection. When compared
to overseas, none of the studies in Malaysia used machine-learning approaches, such as
brute-force, weight-guided, or GA evolution for feature selection in predicting the air
pollutant concentration. On the other hand, MLR is the most commonly used statistical
method for predicting PM10 concentrations, whereas ANN is the most commonly used
machine-learning method. Therefore, this study implements both common statistical and
machine-learning approaches in selecting its features and uses MLR and ANN in predicting
PM10 concentrations.

2. Materials and Methods

As shown in Figure 1, data acquisition, exploration, cleaning, transform and partition-
ing the data set are part of the data preparation. As for the feature selection, the partition
data will be implemented in six wrapper methods, which are forward selection, backward
elimination, stepwise, brute-force, weight-guided and genetic algorithm evolution. The
significant variables obtained according to each method later will be used to develop predic-
tive models, and MLR and ANN and will be evaluated using performance indicators. The
performance of each model in MLR and ANN later will be compared and ranked according
to its performance. The best model for each day of MLR and ANN will be compared again
between the predictive analytics model. The best model obtained will be used to predict
the concentration of PM10 for the next day.
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This section consists of data acquisition, data exploration, data cleaning, data transform
and partitioning the dataset. The data acquisition will explain the information of data and
parameters included in this study. Second, this study will conduct descriptive analysis in
data exploration. Third, data cleaning will explain the technique involved in imputing
the data. Next, data transform will explain the transformation on the data before being
analyzed. Lastly, data partitioning will explain the partition of the dataset.

As for the data acquisition, this research used ten years of daily data on pollutant
concentrations from two stations obtained from the Department of Environment Malaysia
(DOE) from 2009 until 2018. The stations included in this study are Klang station located
at Sekolah Menengah Perempuan Raja Zarina, Klang and Shah Alam station located at
Sekolah Kebangsaan TTDI Jaya, Shah Alam. These two stations were selected because
they are surrounded by major roads that experience heavy traffic, particularly during the
morning rush hour.

Based on the Exploratory Data Analysis (EDA), this analysis measured the central
tendency, dispersion, skewness and graphical representation. This study measured the
central tendency of the data by estimating the mean, mode and median. This study
also computed the variance, standard deviation and range in measuring the dispersion.
Moreover, this research evaluated the skewness to check for the probability distribution of
the data.

In this study, linear interpolation and the series mean are used to impute the missing
values in the data as suggested by others [13]. Linear interpolation is an interpolation
method for single-dimensional data. This method estimates the data point value needed to
be interpolated based on the two data points adjacent to that point in the single-dimensional
data sequence. Equation (1) shows the formula and graph of linear interpolation. While
the series means method was used to impute all missing values with the mean value of
the data. Therefore, the data was imputed using linear interpolation first, and the rest was
imputed using the series mean.

y = yi +
(x − xi)(y2 − y1)

(x2 − x1)
(1)

Based on the data retrieved, the readings of each parameter were recorded hourly.
As this study predicts the PM10 concentration by day, the data is transformed into a
daily format. This study used the average PM10 concentration of hourly data as the daily
data. Next, the wind direction parameters in this study were split into two variables
following [14]. The variables were the sinusoidal (sinWD) and the cosinusoidal (cosWD).

Before developing the model, the original dataset was divided into three datasets for
training, validation and verification so that there would be new data to assess the model.
The dataset collected for this study was divided chronologically into 80% for training data
(2009–2016) and 20% for validation data (2016–2017). The training data was for estimating
the predictive method parameters, while the validation data is for analyzing the accuracy.
The proposed model was verified using the new dataset for 2018.

2.1. Feature Selection

Feature selection is the process of minimizing the number of input variables when
building a predictive model [15]. In this research, the wrapper method was used to
develop air pollution prediction modelling consisting forward selection, backward selection,
stepwise selection, brute-force feature selection, Genetic Algorithm (GA) evolutionary and
weight-guided.

Forward selection is a type of stepwise regression that begins with a null model. The
approach initiates with no variables in the model and step by step adds variables to the
model until no variable not included in the model can make a significant contribution to
the model’s conclusion. The variable with the highest test statistic that is more than the
cut-off value or the lowest p-value with less than the cut-off value is chosen and added to
the model.
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Backward elimination is the most basic approach to variable selection. This technique
begins with a complete model that includes all of the variables in the model. Variables are
subsequently removed from the whole model one by one until all remaining variables are
sure to have a meaningful impact on the result. The variable with the lowest test statistic or
the highest p-value more than the cut-off value is removed from the model. This procedure
is repeated until every remaining variable is statistically significant at the cut-off value.

The stepwise selection method is the mixture of forward selection and backward
elimination procedures that allow one to go in both directions while adding and eliminating
variables at various stages. Forward selection and backward elimination can be applied to
begin the process. If stepwise selection begins with forward selection, variables are added
to the model one at a time according to the statistical significance. After each step, the
model is analyzed. Any variable that is not significant will be removed from the model.
The process repeats until every variable in the model is statistically significant.

If stepwise selection begins with backward elimination, the variables are removed
from the full model based on statistical significance and then re-added if they show statisti-
cal significance afterward. Brute-force is a straightforward approach to solving a problem.
It involves iterating through all possible features until the best feature selection is found.
Brute-force feature selection tries every potential combination of the variables and provides
the highest performing subset. The best subset is chosen by maximizing a defined per-
formance metric in the presence of an arbitrary regressor or classifier. The algorithm will
choose each combination and compute its score before selecting the optimal combination
based on its score.

For this study, the number of possible subsets is calculated using the best subset
regression formula, 2 p, where p equals 11 (the number of predictors). As a result, this
method will generate 2048 subsets. Essentially, this method starts with the generation of
possible subsets, beginning with one variable, two variables, three variables and so on until
eleven predictors are generated. Each subset will have its own regression equation, which
will be evaluated using the adjusted R square (R2). The reason for using R2 rather than
R2 to compare the performance of subsets is that R2 values are often artificially inflated as
more variables are chosen. The formula for R2 is stated below:

R2
= 1 −

(
1 − R2

) n − 1
n − p − 1

(2)

where p is the number of predictors and n is the number of samples. The best subset, which
contains the most significant factors to predict PM10 concentration, will be the subset with
the highest R2 value.

Next, GA evolution is a type of optimization technique that mimics the concepts of nat-
ural evolution. There are three basic concepts in this process, which are selection, crossover
and mutation. The first step of an evolutionary algorithm is an initialization phase where it
creates a population of air pollution models, each with their unique set of chromosomes.
The chromosomes are binary strings; 1 means the feature is included, and 0 means the
feature is excluded. The models for the starting population are randomly generated.

A good rule of thumb is to use between 5% and 30% of the total number of features
as the population size [16]. For the second step, each model in the population will have
their fitness calculated. Models with better fitness have a higher chance of being chosen for
recombination. After calculating the fitness value, the third step is that the models will be
selected randomly using the roulette wheel method and selected according to their fitness
level. The number of selected models is half of the population size.

After selecting the models, the fourth step is the crossover, in which the selected
models are recombined to create a new population. In this step, two models will be chosen
at random and their features will be combined to produce offspring for the new population
until the new population is the same size as the old one. In the crossover, offspring that
are genetically identical to their parents may be produced, resulting in a low-diversity
new generation. Therefore, in step five, the mutation is done by changing the value of

5
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some features in the offspring at random. Lastly, the process is looped to step two until a
stopping criterion is met and the best feature selection is obtained.

Finally, the wrapper method used weight-guided via correlation. Equation (3) is the
formula of the correlation. A weight is given to the variables, and the highest weight of the
variable is considered.

r =
n(∑ xy − (∑ x)(∑ y))√

[n ∑ x2 − (∑ x)2][n ∑ x2 − (∑ x)2]
(3)

2.2. Model Development and Model Evaluation

In this model development, the process of developing MLR and ANN models is
explained to conduct predictive modelling. Figure 2 shows the process of the wrapper
method in developing a predictive model.
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Figure 2. Process of the wrapper method in model development.

There are four steps in developing a multiple linear regression (MLR) model. First, the
development of the MLR model will be based on 80% of the data. Second, the assumption
of the MLR models is checked using certain methods and tests, such as histograms and
scatter plots. Next, the model is validated based on the performance indicator value using
20% of the data. Finally, the best model of MLR is obtained. The expected MLR models are
as shown in Equation (4). The past PM10 daily average concentration was used to predict
the next day’s PM10 concentration.

PM10,D+1 = β0 + β1PM10,D + β2COD + β3NO2,D + β4NOx,D + β5NOD + β6SO2,D +
β7RHD + β8TD + β9WSD + β10cosWDD + β11sinWDD

(4)

where
PM10,D+1 = Next day prediction of PM10 concentration.
PM10,D = Particulate matter (µg/m3).
COD = Carbon monoxides (ppm).
NO2,D = Nitrogen dioxide (ppm).
NOx,D = Nitrogen oxide (ppm).
NOD = Nitric oxide (ppm).
SO2,D = Sulfur dioxide (ppm).
RHD = Relative humidity (%).
TD = Temperature (◦C).
WSD = Wind speed (km/h).
cosWDD = Cosine Wind direction (units).
sinWDD = Sine Wind direction (units).
β0 = regression constant.
β1, . . . , β11 = regression coefficient for each predictors used.
A feed forward backpropagation neural network (FFBP) was used in this study. The

structure of FFBP was composed of three layers of neurons called the input, hidden and
output layers. The first layer of neurons consisted of an input layer, representing inde-
pendent variables. The input layer contained 12 independent variables—namely, O3, CO,
NO2, SO2, NO, sinWD, cosWD, NOx, PM10, T, WS and RH. The second layer was the
hidden layer, which is responsible for processing the input weight from the input layer and
transferring it to the output layer. The third layer was the output layer, which represents
the PM10,D+1 concentrations.
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The maximum error used as a criterion for stopping was set at 0.05. In this study, the
training process was set to 10,000 iterations or until the maximum error was reached, as
suggested by [17]. As a network training function, Levenberg–Marquardt optimization
was used to update weight and bias values. As sigmoid units are easier to train than other
activation functions, [18] proposed using them. In this case, the layer size was 2 number
of attributes + number of classes)/2 + 1 = 8 hidden nodes, as recommended by [19]. This
study fitted models with varying learning rate lr (0.01) values, which [20] proposed for the
study of air pollution datasets.

Furthermore, [21] stated that changing the momentum rate and learning rate from 0.05
to 1 had no effect on the training and prediction networks’ errors. Performance indicators in
this research are used to identify the best method to predict the concentration of PM10,D+1.
The Root Mean Square Error (RMSE), Normalized Absolute Error (NAE), Absolute Error
(AE) and Relative Error (RE) are the error measures used to determine the error of the model,
while the Coefficient of Determination (R2) is the accuracy measure used to determine the
accuracy of the model outcome.

Regarding the model deployment, the dataset from 2009 until 2017 was used to
produce prediction models. The prediction models were later deployed on the 2018 dataset.
However, there were extreme outliers in ozone concentration for the 2018 dataset for the
Klang station. Based on the 2009 until 2017 dataset, the maximum ozone concentration
value was 0.056 ppb. Some of the ozone concentration in the 2018 dataset exceeded 0.7 ppb.
This situation may happen due to technical errors. Therefore, a total of 29 data were
removed before deployment.

3. Results and Discussion
3.1. Descriptive Analysis

Table 1 is the descriptive statistics of each parameter in Klang and Shah Alam, Selangor.
Based on the table, the maximum concentration of PM10 was 551.542 µg/m3 (Klang) and
1332.814 µg/m3 (Shah Alam). The high concentration was taken on 25 of June 2013 for
Klang, while Shah Alam happened during April 2017. Next, the skewness value of PM10 is
4.62 (Klang) and 17.11 (Shah Alam). Since the value is more than 1, the data of PM10 are
highly skewed to the right. This may be due to the presence of extreme outliers in this data.

Table 1. Descriptive statistics for Klang and Shah Alam.

Mean Median Standard
Deviation Skewness Minimum Maximum

WS (km/h) 5.38 5.80 2.03 4.89 0.47 52.03
WD (◦) 176.78 168.83 46.05 0.579 42.17 318.17
T (◦C) 28.62 28.60 1.52 −0.12 22.56 33.12

K RH (%) 69.74 69.62 7.07 0.01 46.46 94.11
L NOX (ppm) 0.037 0.035 0.029 25.60 <0.01 1.14
A NO (ppm) 0.016 0.014 0.028 31.6 <0.01 1.15
N SO2 (ppm) 0.004 0.004 0.002 2.25 <0.01 0.03
G NO2 (ppm) 0.02106 0.021 0.007 0.28 0.001 0.05

O3 (ppm) 0.019 0.018 0.007 0.78 <0.01 0.06
CO (ppm) 1.029 0.967 0.412 2.38 0.15 6.21

PM10
(
µg/m3 ) 62.75 56.16 32.52 4.62 17.18 551.54

WS (km/h) 4.828 4.775 1.908 0.198 0.314 16.529
S WD (◦) 157.15 153.71 52.76 0.50 9.75 337.17
H T (◦C) 28.10 28.09 1.32 0.02 23.31 33.29
A RH (%) 77.35 77.46 6.11 −0.05 54 94.63
H NOX (ppm) 0.04 0.04 0.02 0.48 0.004 0.12

NO (ppm) 0.02 0.02 0.01 1.11 <0.001 0.09
A SO2 (ppm) 0.003 0.003 0.002 1.74 <0.001 0.02
L NO2 (ppm) 0.02 0.02 0.01 0.45 0.002 0.06
A O3 (ppm) 0.02 0.02 0.01 0.86 <0.001 0.08
M CO (ppm) 0.76 0.73 0.30 1.18 0.09 3.69

PM10
(
µg/m3 ) 50.91 45.33 34.86 17.11 11.92 1332.81
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Figures 3 and 4 below are heatmaps of the average PM10 concentrations according
to the month and year for Klang and Shah Alam. The greenish parts have the lowest
average concentration, and the reddish parts have the highest average concentration. Based
on both Figures, it is indicated that October 2015 had the highest average concentration
compared to the others. Moreover, the concentration of PM10 in September 2015 was the
second-highest concentration. Referring to haze incidents in Malaysia, this supports the
outline of the heatmap as there was a hazing incident in 2015 in August and September due
to massive land and forest fires in Indonesia [22]. The high PM10 concentration in October
2015 may be due to the backlash of this incident.
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Figure 4. Average PM10 concentration by month and year for Shah Alam.

In March 2014, there was a high concentration of PM10 in both locations where Klang
was slightly higher than Shah Alam. It is also proved by the chronology of haze incidents
in Malaysia as haze incidents happened between February and March 2014. This incident
occurred due to forest and peatland fires. High PM10 concentration incidents were also
detected in June 2013 from both locations. However, Klang had a higher concentration value
compared to Shah Alam. This incident may be due to haze incidents that happened from
15 to 27 June 2013 [22]. In addition, both Figures show a low average of PM10 concentration
starting from May until December 2017. This situation may be due to zero cases of haze
incidents happening in 2017.

In conclusion, the heatmaps of both locations align with the haze chronology in
Malaysia. The heatmaps also makes it easier to observe the condition of air pollution
in Malaysia.

3.2. Correlation of PM10 Concentration with Other Parameters

Figures 5 and 6 show the heatmap of the Spearman’s rank correlation coefficient (r)
of the PM10 concentration with other parameters in Klang and Shah Alam, respectively.
Figure 5 shows that all of the parameters have positive correlation with PM10 except for WD,
RH and NO in Klang. It also indicates all of the parameters have moderate-to-very-weak
correlations with the PM10 for Klang. CO has the highest correlation PM10 concentration
with a positive moderate correlation (r = 0.498), while WD has the lowest correlation with a
negative very weak correlation (r = −0.075).
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Figure 6 shows that all of the parameters have a positive correlation with PM10
except for WD and RH in Shah Alam. All of the parameters have moderate, weak and
very weak correlations with the PM10 concentration. It also indicates that NO2 has the
highest correlation with PM10 concentration with a positive moderate correlation (r = 0.437),
while WD has the lowest correlation with PM10 concentration with a positive very weak
correlation (r = 0.151).
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Figure 6. Correlation between the parameters and PM10 for Shah Alam.

3.3. Performance Model and Feature Selection

Performance measures for this section used the validation dataset (20%). Table 2 shows
that the performance of all MLR model was compared to find the best model for next day
prediction. Based on Table 3, for Klang, brute-force has the lowest value of RMSE, AE, RE
and NAE. The backward method has the highest R2 value compared to others.

Therefore, it is shown that brute-force is the best model for Klang as it had the lowest
value of error and the lowest total rank with WS, RH, SO2, O3 and PM10 as the parameters
selected to predict the next day’s PM10 concentration. Furthermore, the performance for
all models in predicting PM10 in Shah Alam also shows that brute-force had the lowest
error measures for RMSE, AE, RE and NAE and the highest accuracy for R2. Therefore,
brute-force is the best model with T, RH, SO2, NO2, sinWD, NO and PM10 as the parameters
selected to predict the PM10,D+1.

Table 2. Performance models of MLR for Klang and Shah Alam for the validation.

Location Method RMSE AE RE NAE R2

Klang

Forward 14.224 10.292 17.97% 0.596 0.709
Backward 14.186 10.447 18.17% 0.605 0.713
Stepwise 14.224 10.292 17.97% 0.596 0.709

Brute-Force 13.694 10.005 17.52% 0.596 0.707
Weight-Guided 16.27 11.089 19.21% 0.658 0.591

Evolution 14.367 10.701 18.84% 0.633 0.665

Shah Alam

Forward 15.176 10.932 23.99% 0.709 0.598
Backward 15.23 11.346 24.77% 0.736 0.502
Stepwise 15.176 10.932 23.99% 0.709 0.598

Brute-Force 12.338 9.559 21.77% 0.662 0.632
Weight-Guided 13.417 10.371 25.92% 0.722 0.596

Evolution 14.530 11.411 26.84% 0.782 0.531
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Table 3. Ranking performance models of MLR for Klang and Shah Alam.

Location Method RMSE AE RE NAE R2 Total Rank

Klang

Forward 3 2 3 1 2 11
Backward 2 3 4 2 1 12
Stepwise 3 2 2 1 2 10

Brute-Force 1 1 1 1 3 7
Weight-Guided 5 5 6 4 5 25

Evolution 4 4 5 3 4 20

Shah
Alam

Forward 4 3 2 2 2 13
Backward 5 4 3 4 5 21
Stepwise 4 3 2 2 2 13

Brute-Force 1 1 1 1 1 5
Weight-Guided 2 2 4 3 3 14

Evolution 3 5 5 5 4 22

Referring to Table 4, the ticked table means that the parameter is selected in that model.
For the best model PM10,D+1 for Klang (MLR-Brute-Force), RH, SO2, NO2, O3 and PM10
were analyzed to predict the next day for Klang. For the best model PM10,D+1 for Shah
Alam (MLR-Brute -Force), T, RH, SO2, NO2, sinWD, NO and PM10 are the parameters
selected to predict the next day for Shah Alam.

Table 4. Selected features of MLR for Klang and Shah Alam.

Location Method WS T RH SO2 NO2 O3 CO Sin
WD

Cos
WD NOX NO PM10

Klang

Forward / / /
Backward / / / / / / / / /
Stepwise / /

Brute-Force / / / /
Weight-Guided /

Evolution / / / / /

Shah
Alam

Forward / / / / /
Backward / / /
Stepwise / / / / / / / / /

Brute-Force / / /
Weight-Guided / / / / / / /

Evolution /

Based on Table 5, the performances of all ANN models for next-day prediction in
Klang and Shah Alam were compared to determine the best model. For Klang, brute-
force had the lowest value of RMSE and RE, and backward had the lowest value AE and
highest R2 value compared to the others. Evolution had the lowest value of NAE. However,
backward is the best model for Klang station as it had the lowest total rank compared to the
others with T, RH, SO2, NO2, O3, sinWD, cosWD, NOx, NO and PM10 as the parameters
selected to predict the PM10,D+1.

Table 5. Performance models of ANN for Klang and Shah Alam for validation.

Location Method RMSE AE RE NAE R2

Klang

Forward 15.517 11.067 19.57% 0.588 0.701
Backward 15.085 10.272 17.06% 0.574 0.742
Stepwise 15.517 11.067 19.57% 0.588 0.701

Brute-Force 14.139 10.282 16.90% 0.605 0.701
Weight-Guided 17,288 11.779 18.64% 0.699 0.581

Evolution 14.228 10.335 17.92% 0.563 0.732

Shah Alam

Forward 13.448 9.317 18.93% 0.594 0.715
Backward 14.071 9.595 20.19% 0.647 0.596
Stepwise 12.966 9.505 22.30% 0.65 0.691

Brute-Force 12.252 9.138 20.75% 0.614 0.687
Weight-Guided 12.463 8.840 18.72% 0.615 0.615

Evolution 14.003 10.005 21.83% 0.645 0.657
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Next, the performance for all ANN models in predicting PM10,D+1 in Shah Alam shows
that brute-force had the lowest value for RMSE, weight-guided had the lowest value for AE
and RE, and forward had the lowest value for NAE and the highest value for R2. However,
forward is the best model in predicting PM10,D+1 since it hd the lowest total rank with WS,
NOX and PM10 as the parameters selected to predict the PM10,D+1 as shown in Table 6.

Table 6. Ranking the performance models of ANN for Klang and Shah Alam.

Location Method RMSE AE RE NAE R2 Total Rank

Klang

Forward 4 4 4 3 3 18
Backward 3 1 2 2 1 9
Stepwise 4 4 4 3 3 18

Brute-Force 1 2 1 4 3 11
Weight-Guided 5 5 5 5 4 24

Evolution 2 3 3 1 2 11

Shah Alam

Forward 4 3 2 1 1 11
Backward 6 5 3 5 6 25
Stepwise 3 4 6 6 2 21

Brute-Force 1 2 4 2 3 12
Weight-Guided 2 1 1 3 5 12

Evolution 5 6 5 4 4 24

Referring to Table 7, the ticked (/) table means that the parameter is selected in that
model. For the best model PM10,D+1 for Klang (ANN-Backward), RH, SO2, NO2, O3, PM10,
sinWD, cosWD, NOX and NO were analyzed to predict the next day. For the best model
PM10,D+1 for Shah Alam (ANN-Forward), WS, NOX and PM10 are the parameters selected
to predict the next day for Shah Alam using ANN.

Table 7. Selected features of ANN for Klang and Shah Alam.

Location Method WS T RH SO2 NO2 O3 CO Sin
WD

Cos
WD NOX NO PM10

Shah
Alam

Forward / / /
Backward / / / / / / /
Stepwise /

Brute-Force / / / / / / /
Weight-Guided /

Klang

Forward / / /
Backward / / / / / / / / / /
Stepwise / / /

Brute-Force / / / / / /
Weight-Guided /

Evolution / / / / / / /

As a conclusion, brute-force is the best feature selection to predict the next day’s
PM10 concentration in Klang and Shah Alam by using MLR, and the models fulfil the
assumptions of MLR. The backward for Klang and forward for Shah Alam are the best
feature selections for predicting the next day’s PM10 concentration using the ANN model.

3.4. The Best Model

The best model to predict the PM10,D+1 for each station was obtained by comparing
the performance of models between MLR and ANN. For the overall performance, each
predicted day shows that the ANN model had the best performance compared to the MLR
model for both Klang and Shah Alam station. This result is supported with Table 8 as the
ANN model for each predicted day for both stations shows the lowest total score. In Klang,
ANN with backward elimination is the best model selected, while for Shah Alam, ANN
with forward selection is the best model.

Furthermore, Table 9 summarizes the comparison results with other research. This
indicates that the results in this study are similar to those in other studies. Regression is
involved with linear dependencies, whereas neural networks are involved with nonlin-
earities. As a result, if the data contains nonlinear dependencies, neural networks should
outperform regression.
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According to studies [23–25], the ANN method predicts the dependent variable more
accurately than MLR. Although ANN is regarded as a powerful technique for non-linear
models [26], some researchers have used and reported on this linear model better than the
regression model [27–29]. This showed that our ANN model can be used to predict PM10
concentrations since it improved the performance of the model.

Table 8. Performance ranking of the best model.

Station Model Method RMSE AE RE NAE R2 Total

Klang MLR Brute-Force 1 1 2 2 2 8
ANN Backward 2 2 1 1 1 7

Shah
Alam

MLR Brute-Force 1 2 2 2 2 9
ANN Forward 2 1 1 1 1 6

Table 9. Performance indicators results gained from other research.

Authors Method Result

[30] MLR R2 = 0.347–0.614

[31] MLR
RMSE = 126.728–164.978

NAE = 0.325–0.429
PA = 0.359–0.668

[32] MLR R2 = 0.3239
[33] MLR R2 = 0.586–0.715

This Study
ANN-Forward

ANN-Backward
MLR-Brute-Force

R2 = 0.63–0.74
RMSE = 12.33–15.08

3.5. Model Verification

For the model verification, the dataset from 2009 until 2017 was used to develop predic-
tion models. The proposed prediction models were used to predict the PM10 concentration
using the 2018 dataset [30–35]. Figures 7 and 8 below show line charts of the observed and
predicted values of the PM10 concentration in Shah Alam and Klang.

This predictive model used ANN with backward elimination using RH, SO2, NO2, O3,
PM10, sinWD, cosWD, NOX and NO as a parameters in Klang. For the best model PM10,D+1
for Shah Alam (ANN-Forward), WS, NOX and PM10 are the parameters selected to predict
the next day for Shah Alam using ANN.
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Figure 7 shows the comparison of the line chart between the observed and predicted
value for PM10,D+1 for model ANN-forward selection and predicted ANN using all vari-
ables. Referring to the line chart, it shows that, on average, the observed and predicted
values have a slight gap. Most of the prediction values exceed the observed value; however,
in some cases, the observed value exceeds the prediction value. Furthermore, the enter
method has a large gap since, in 2018, there was a slight increase in the value of ozone,
causing the prediction using all parameters to be higher than the observed value. Therefore,
it shows that the predicted values of the PM10 concentration were not notably affected by
the ozone concentration.

Overall, the values of RMSE and AE of this model are 20.728 and 15.69, respectively.
Hence, this model can be used for unseen data since there is no huge difference between the
observed and predicted values. Figure 8 shows the comparison of the line chart between
the observed and predicted values for PM10 D+1 for the model ANN-forward selection and
predicted ANN using all variables. Referring to the line chart, it shows that, on average,
the observed and predicted values have a minimum gap between each other with the value
of RMSE at 10.004 and value of AE at 7.982. Most of the prediction values exceed the
observed value, and in only a few cases does the observed value exceed the prediction
value. Hence, this model can be used for unseen data since there is no great difference
between the observed and predicted values.s

The prediction error in Klang is higher than in Shah Alam because the industrial area
of Klang suffers from severe haze, while Shah Alam is only a residential area. Furthermore,
if all variables based on previous studies are selected to predict PM10 concentrations for the
next day, it will take more time to determine the best model and reduce the maintenance
data cost for the future.

4. Conclusions

In this study, the wrapper methods of six different feature selections were analyzed
and compared to determine the best feature selection method. The methods included
were forward, backward, stepwise, brute-force, weight-guided and GA evolution. These
methods were analyzed together with the predictive analytics methods MLR and ANN.
The performance of the models determined the best model to predict the next day. This
study found that the best feature selections were backward elimination, forward selection
and brute-force in predicting the PM10 concentration in Malaysia.

Based on the results, the best feature selection method to predict the PM10,D+1 in Klang
was the backward method with the parameters T, RH, SO2, NO2, O3, PM10, sinWD, cosWD,
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NOX and NO. For Shah Alam, the best feature selection method to predict PM10,D+1 was
the forward method with the parameters WS, NOX and PM10.

The prediction of the ANN model for PM10,D+1 was deployed in the 2018 dataset.
Based on the line chart in Figures 7 and 8, the gaps between the observed and predicted
lines show a minimum difference. The RMSE value in Klang for PM10,D+1 was 20.728,
while the AE value was 15.69. In addition, the line chart of observed and predicted of
each predicted day in Shah Alam also shows a minimum gap between each line with the
RMSE value for PM10,D+1 of 10.004, while the AE value was 7.982. In conclusion, all of the
predicted models in Klang and Shah Alam can be used for unseen data.

There are a few recommendations for improving the performance of air pollution
modelling that can be suggested to other researchers. This study used the cross-sectional
method, and for future research, we suggest using time series, since the time-series fore-
casting method is better at predicting extreme events compared to the cross-sectional
method. Apart from the MLR and ANN models, a new approach can be implemented
to the predicted modelling to forecast the concentration of PM10 using machine-learning
methods, such as long short-term memory (LSTM), gated recurrent units (GRU) and deep
learning [36].

Other methods, aside from wrapper methods, can be applied to conduct feature
selection for air pollution modelling, such as the filter method, embedded method and
hybrid method. Hence, various approaches to predicted modelling and feature selection
methods for air pollution modelling will be beneficial as they will produce better results. In
addition, predictions for other particulate matter, such as PM2.5, should be made since the
DOE began to include PM2.5 in calculating the API from 2018. In addition, PM2.5 is more
dangerous since the size of the particles is smaller compared to PM10. Therefore, predicting
PM2.5 may help to improve the performance of air pollution modelling. Lastly, this output
can be used by the authorities as it will be helpful to reduce the impact of air pollutants.

For example, the DOE’s prediction of air pollutants can be used for early alertness
to help in performing the relevant procedures. Hopefully, this recommendation will help
improve air pollution modelling and help the authorities to pay early attention to the air
pollutants in Malaysia. The limitation of this research is that the model can only be used
when the sources and conditions of the characteristics of PM10 remain the same. Therefore,
it may not be suitable for the other locations. For instance, if there is a sudden forest fire or
storm in a selected area, this would affect the PM10 concentration.
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Abstract: Coal bottom and fly ash waste continue to be generated as a result of energy production
from coal in the amount of about 750 million tonnes a year globally. Coal is the main source of energy
in Poland, and about 338 million tonnes of combustion waste has already been landfilled. The aim
of the research was to identify factors determining the Cd, Pb, Zn and Cu phytostabilisation by
vegetation growing on a coal combustion waste landfill. Soil and shoots of the following plants were
analysed: wood small-reed, European goldenrod, common reed; silver birch, black locust, European
aspen and common oak. The influence of the location where the plants grew and the influence of the
interaction between the two factors (species and location) were significant. The tree species were more
effective at accumulating heavy metals than the herbaceous plants. European aspen had the highest
Bioaccumulation Factor (BCF) for cadmium and zinc. A high capacity to accumulate these elements
was also demonstrated by silver birch, and in the case of cadmium, by common oak. Accumulation
of both lead and copper was low in all plants. The Translocation Factors (TF) indicated that the heavy
metals were accumulated mainly in the roots. European aspen, silver birch and European goldenrod
were shown to be most suitable for stabilization of the metals analysed in the research.

Keywords: heavy metal phytostabilization; bioaccumulation and translocation factors; vegetation;
coal fly and bottom ash landfill; interaction of plant species and location

1. Introduction

Despite the systematic reduction in the use of solid fuels, they still account for about
28.1% of world primary energy production and as much as 39.3% of electricity genera-
tion [1]. The use of coal for energy generates a relatively large amount of waste, mainly
in the form of bottom ash. Samanli et al. [2] have reported that an estimated 750 million
tonnes of this type of waste is produced globally per year. Although recent decades have
seen an increase in the economic utilization of power plant waste, especially fly ash [3–5],
a significant amount is still deposited in landfills. In Poland, over 338 million tonnes
of combustion waste, mainly bottom ash, had been deposited in landfills by the end of
2020 [6]. Combustion waste landfills have been a potential source of uncontrolled sec-
ondary emission of toxins into the nearby environment, including topsoil, forests, surface
water and groundwater, posing a threat to all living organisms [7–9]. Conditions for the
development and life of plants at sites of bottom and fly ash deposition are generally
unfavourable, mainly due to an unsuitable air-to-water ratio, a strongly alkaline reaction,
and poor accessibility of basic nutrients, including a nearly complete lack of nitrogen,
which is essential for the life of plants [10–12]. There have been many works devoted
to experimental research on the development and chemistry of plant species on landfills
under conditions of varied fertilization and variation in the species sown [13–16]. Fewer
studies concern plants growing on combustion waste landfills under conditions of spon-
taneous succession [17,18]. Irrespective of the type of succession, developing vegetation
plays an important role in limiting secondary emission of pollutants from these sites and
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thus mitigating their negative impact on the environment [18–20]. The most hazardous
environmental toxins accumulated in combustion waste include heavy metals [21,22]. In
the last century, power plant waste landfills in Poland generally appeared in the same way:
close to the power plant, in an oxbow, in sand, gravel or clay excavations, without regard
to any environmental rights. The landfill selected for this study is one of many similar sites
in Eastern Europe.

In the case of a coal combustion waste landfill, phytoremediation as phytoextraction
of heavy metals from an entire contaminated area is generally not feasible. The limitations
mainly concern the slopes. The slope angle precludes the use of agrotechnical procedures
needed for cultivation in practice, including harvesting of the crop. Furthermore, the
removal of biomass would significantly disturb the circulation of matter, exacerbating the
sterility of the nutrient-poor substrate. It should be noted that the fruits and seeds of plants
could provide food for wildlife, whose existence increases the fertility of the substrate. For
these reasons, our study focused on phytostabilization of heavy metals.

The aims of the study were as follows:

- to identify the species of plants with the highest phytostabilization capacity (defined
by bioaccumulation and translocation factors).

- to determine the influence of the location of plant growth on the landfill on phytosta-
bilization.

The following scientific hypotheses were put forth:

- Phytostabilization is influenced by the species (i).
- Phytostabilization is influenced by the location on the slope (ii).
- Phytostabilization is influenced by the interaction of species x location (iii).

2. Materials and Methods
2.1. Study Site Description

The Skawina Power Plant waste landfill (Figure 1), located in excavations remaining
after the exploitation of natural aggregates, began operating in 1975. In the geological struc-
ture of the terrain, the superficial layer consists of quaternary formations represented by
river sediments (coarse sands and gravel covered with alluvial soils in places, interbedded
with loam, silt loam and mud sludge). Together with the accompanying infrastructure, the
landfill occupies an area of 68 ha. Combustion waste in the form of coal bottom and fly ash
was pumped into the landfill by hydraulic transport. Deposition of waste on the landfill
was terminated in 2015. There is no specific documentation of biological reclamation of the
landfill. However, differences in the botanical composition of vegetation growing on the
embankment suggest that such attempts have been made in the past, as there are woody
plants growing downwind of the westerly winds usually occurring in this region. These
were probably planted in order to protect residents’ homes and fields, situated on the north
and east side of the landfill, from airborne dust [20,23]. The height of the landfill is from 22
to 26 m above the surrounding areas. The length of the embankment is 52 ± 5 m, and the
slope angle is 28 ± 3◦.

2.2. Plant and Soil Sampling

Soil and plants from the slopes of the landfill were analysed. The northern and eastern
slopes were sampled. The southern and western slopes were omitted because they were
not overgrown with vegetation. Three sampling areas were established for each of the
embankments: the base, the middle and the top. Each sampling area was divided into
three sampling plots of about 152 m2, i.e., a rectangle 4 m × 38 m. The sampling plots were
subdivided into seven sampling points of 22 m2 (Figure 2.). The study complies with local
and national guidelines. Permission was obtained for collection of plants.
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Plant species were selected for the research on the basis of their percentage share in 
the coverage of the landfill slope, which was determined by the authors in their previous 
research [24]. The tree species black locust (b.l.; abbreviation used in figures and tables) 
(Robinia pseudoacacia L.), silver birch (s.b.) (Betula pendula Roth.), European aspen (e.a.) 
(Populus tremula L.) and common oak (c.a.) (Quercus robur L.), and the herbaceous species 
wood small-reed (w.s.r.) (Calamagrostis epigejos L.), European goldenrod (e.g.) (Solidago 
virgaurea L.) and common reed (c.r.) (Phragmites australis ((Cav.)Trin. ex Steud) were cho-
sen. Shoots were sampled from each species. Primary samples of shoots were taken from 
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Plant species were selected for the research on the basis of their percentage share in
the coverage of the landfill slope, which was determined by the authors in their previous
research [24]. The tree species black locust (b.l.; abbreviation used in figures and tables)
(Robinia pseudoacacia L.), silver birch (s.b.) (Betula pendula Roth.), European aspen (e.a.)
(Populus tremula L.) and common oak (c.a.) (Quercus robur L.), and the herbaceous species
wood small-reed (w.s.r.) (Calamagrostis epigejos L.), European goldenrod (e.g.) (Solidago
virgaurea L.) and common reed (c.r.) (Phragmites australis ((Cav.)Trin. ex Steud) were chosen.
Shoots were sampled from each species. Primary samples of shoots were taken from five
different trees of the same species at each sampling point. A primary herbaceous sample
consisted of twenty plant shoots. Roots were taken from herbaceous plants, but tree roots
were not sampled, as there was no way to collect a representative root sample from a
tree species without seriously damaging the landfill slope. A garden fork was used to
pull up the herbaceous plants with maximum volume of the root system. The roots and
shoots were cut off with stainless steel secateurs. The roots were carefully washed in the
laboratory in warm tap water to remove coal combustion ash from the roots. The shoots
were washed as well. Following homogenization, the samples constituted an averaged
sample of about 600 g fresh weight. The samples were collected in late summer. Soil
samples were collected using a soil sampler, from a sampling depth of 0–0.1 m. Five
primary samples were collected. After homogenization, the averaged soil samples were of
about 500 g wet weight. The soil samples were taken from the sampling plots.

2.3. Chemical Analyses

The soil material was dried, ground and sieved, followed by wet mineralization using
a mixture of concentrated HNO3 and HClO4 [25,26]. Cd, Pb, Zn and Cu concentrations
were determined by FAAS. In addition, the pH of the samples was determined in a distilled
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water solution and 1N KCl by the potentiometric method [25]. The plant samples were
dried at 60 ◦C and ground in a mill, followed by dry mineralization in a muffle furnace at
460 ◦C. Organic parts that remained were oxidized using HNO3, and silica was precipitated
with HCl [25]. The Cd, Pb, Zn and Cu concentrations were determined by FAAS. The
spectrophotometer was calibrated with Merck standards (Merk Group, Darmstadt, Ger-
many). In order to check the quality of calibration of atomic absorption, spectrophotometer
references materials were used. They were trace metals–clay and trace metals–sandy loam
7 provided by Merck. Recovery was 94% for Cd, 95% for Cu, 96% for Pb and 99% for Zn.

Blind samples were used in a series of approximately 30 samples. Each soil and plant
sample was mineralised and analysed independently twice. If Relative Standard Deviation
(RSD) from two results were higher than 5%, the sample was mineralised and analysed
again.

2.4. Assessment Methods

The assessment was based on analysis of the BCF [27–29] and the TF [30–32]. The
Shapiro–Wilk test was used to estimate the data distribution. The Wald–Wolfowitz test (a
nonparametric test) was used to test the hypotheses. As a post hoc test, the Kruskal–Wallis
test was used to compare means. All statistical tests were performed at a significance level
of α = 0.05. All statistical analyses were performed in Statistica 12.0 software (StatSoft inc.,
Tulsa, OK, USA).

3. Results and Discussion
3.1. Results and General Assessment

The data in Section 3.1 are presented and discussed all together, i.e., are not subdivided
into: the base, the middle and the top. The unfavourable ecological conditions prevailing in
combustion waste landfills have a fundamental impact on the vegetation occurring at these
sites as a result of either spontaneous succession or reclamation efforts. The soil samples
had an alkaline reaction (mean pHKCl =7.4). The relative standard deviation had medium
values for lead (30%) and copper (28%) contents, low values for cadmium (16%) and zinc
(21%), and an extremely low value of 3% for pH (Table 1). Jambhulkar and Juwarkar [16]
reported a similarly low (RSD) of only 4% for a fly ash dump of the Khaperkheda thermal
power plant in Maharashtra State, India.

Table 1. Average soil Cd, Pb, Zn and Cu content and pHKCl, range and relative standard deviation
(RSD) (n = 54).

Cd Pb Zn Cu
pH

Range, Mean mg·kg−1 d.m. and RSD %

Range 0.19–0.37 17.23–36.98 79.65–147.25 28.01–63.86 7.1–7.9
Mean 0.292 24.664 117.019 48.348 7.4
RSD 16 30 21 28 3

Cadmium content in the shoots ranged from 0.028 to 1.058 mg·kg−1 d.m. (Table 2),
with the lowest content found in wood small-reed and common reed. The minimum and max-
imum cadmium contents in the roots of herbaceous plants were 0.038 and 1.24 mg·kg−1 d.m.,
which was a wider range than in the case of cadmium content in the shoots (Table 3).
Variation in the concentration of this element in the aboveground parts of plants was very
high in the case of European goldenrod (RSD = 103%) (Table 2) and high in the case of
silver birch and European aspen (RSD 60% and 57%, respectively). Cadmium content
was least varied in common reed (RSD = 26%). High variability of this metal was noted
in the roots of the herbaceous plants: for European goldenrod RSD = 62%, for common
reed RSD = 45% and for wood small-reed RSD = 67%. The lead content in the plants in
the study area ranged from 0.207 to 1.4410 mg·kg−1 d.m.; the maximum for the roots was
4.450 mg·kg−1 d.m. (Table 3) Lead concentrations were much less variable than in the case

20



Sustainability 2022, 14, 7083

of cadmium. The highest variations were noted for European goldenrod (28% and 34% for
shoots and roots, respectively) and the lowest for common oak shoots (RSD = 4%). The zinc
concentration in the plants ranged from 8.210 mg·kg−1 (common reed) to 222.294 mg·kg−1

(European aspen) (Table 2). The highest variation in the aerial parts of plants was found for
the zinc concentrations in European goldenrod (RSD = 30%), followed by common reed
(27%) and black locust (25%) (Table 2). The range of zinc concentrations for the roots was
similar to the range in the shoots. Variation in zinc content in the roots was similar to the
variation in the shoots for common reed and wood small-reed (Table 3).

Table 2. Cd, Pb, Zn and Cu average content, range, and RSD in shoots (n = 252).

Metal/Plant
Species

Black
Locust

Silver
Birch

European
Aspen

Common
Oak

Common
Reed

European
Goldenrod

Wood Small
Reed

Range, Mean mg·kg−1 d.m., RSD %

Cd
Range 0.069–0.326 0.149–0.650 0.262–1.058 0.253–0.578 0.028–0.052 0.047–0.590 0.028–0.120
Mean 0.199 0.327 0.565 0.384 0.037 0.230 0.074
RSD 46 60 57 31 26 103 44

Pb
Range 0.970–1.416 1.448–2.410 1.404–1.906 1.778–2.044 0.380–0.470 0.550–1.250 0.207–0.340
Mean 1.169 1.897 1.686 1.893 0.422 0.921 0.265
RSD 11 16 10 4 6 28 16

Zn
Range 28.924–

53.618
139.156–
169.340

148.852–
222.294

83.764–
105.050

8.210–
19.580 28.470–62.780 11.050–15.220

Mean 37.532 156.525 185.913 93.774 14.949 40.374 12.722
RSD 25 5 12 6 27 30 8

Cu
Range 4.106–7.362 4.350–6.776 6.534–7.920 5.130–6.506 0.880–2.870 3.110–6.700 0.810–1.120
Mean 5.290 5.900 7.022 5.851 1.841 4.667 0.931
RSD 24 10 5 7 37 27 8

Table 3. Cd, Pb Zn and Cu average content, range and RSD in roots (n = 108).

Metal
Species Common Reed European Goldenrod Wood Small-Reed

Data Mean, Range mg·kg−1 d.m., RSD %

Cd
Range 0.038–0.150 0.195–1.240 0.046–0.900
Mean 0.084 0.665 0.525
RSD 45 62 67

Pb
Range 0.670–1.450 0.770–1.980 2.800–4.450
Mean 1.071 1.241 3.373
RSD 25 34 17

Zn
Range 14.500–32.780 30.680–50.850 71.550–110.170
Mean 22.096 38.904 91.321
RSD 28 13 12

Cu
Range 2.300–8.630 10.36–17.23 5.630–7.750
Men 6.171 12.945 6.562
RSD 42 19 9

Copper content in the shoots ranged from 0.810 mg·kg−1 (wood small-reed) (Table 2)
to 7.920 mg·kg−1 (European aspen), whereas the maximum concentration in the roots was
17.23 mg·kg−1 (European goldenrod). The maximum soil copper content was 65.86 mg·kg−1,
with a mean of 48.348 mg·kg−1 ± 28% RSD (Table 1). The highest variation in the content
of this element in the aerial parts of plants was found in common reed (37%), followed by
European goldenrod (27%) and black locust (24%). A high RSD was found in the roots
of common reed (42%). According to Alloway [33], the critical copper concentration in
plants is 2 mg·kg−1 d.m. Wood small-reed copper content was much lower, in a range of
0.810–1.120 mg·kg−1 d.m. Another species near the threshold was common reed.

According to Szwalec et al. [34] the eluates from the waste were not found to pose a
threat to surface water quality in terms of concentrations of macronutrients Na, K, Ca and
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Mg, metals considered to be particularly harmful, i.e., Zn, Cu and Cr, or priority metals Cd
and Pb.

3.2. Detailed Assessment

Biostabilization is an important part of bioremediation. Phytostabilization reduces
the airborne spread of heavy metals and groundwater contamination by leaching [35]. It
also reduces metal bioavailability, thereby improving conditions for less tolerant species.
Phytostabilization has been described as a plant’s ability to take up and accumulate metals
from soil. The BCF and TF are useful tools here. Both factors can be used to assess a
plant’s potential for phytostabilisation [18,31]. Szöcs and Schäfer [36], recommend the use
of factors in statistical analysis, particularly in the case of non-parametric data distribution.
Both BCF and TF are good examples, as they make use of data pertaining to the content
of metals in soil and plants (BCF) and in plant organs (TF), combining two sets of data in
a representative manner. The Shapiro–Wilk test showed that only single subsets of data
had a normal distribution. These were the data for five factors: BCFCu (silver birch and
wood small-reed) and TFCu (wood small-reed, common reed and European goldenrod).
The remaining data did not have a normal distribution. This type of distribution has been
found in studies on phytoremediation [34,37–39]. The Wald–Wolfowitz runs test was used
to verify the hypotheses on the influence of the species and location of the landfill on the
values of BCF and TF. The following hypotheses were tested: BCF and TF are influenced by
the species; by the location of plant growth on the landfill and by the interaction of the two
factors. The analysis revealed that these three effects (hypothesis i, ii, iii) were statistically
significant for each of the metals tested. However, for the location (i.e., hypothesis ii), the
low Ws values of the Wald–Wolfowitz test calculated from our own data were similar to
the critical values read from the theoretical distribution tables for this test. This indicates a
weak effect, so we focused the discussion on the interactions (hypothesis iii).

3.2.1. Influence of Species (Regardless of Location) on Metal Phytostabilization

The effect of species on phytostabilization of heavy metals is the most important
question in phytoremediation research [40,41]. It is particularly significant in areas con-
taminated with these elements, including post-industrial areas such as combustion waste
landfills. In the landfill that was the subject of this study, a high degree of cadmium ac-
cumulation was noted in the shoots of aspen, common oak, and silver birch, while the
other plants accumulated this element to a moderate degree. The statistical analysis using
the Kruskal–Wallis test showed that the phytoaccumulative capacities of European aspen
differed statistically considerably from those of the other two species (common oak and
silver birch), with a high rate of accumulation of this metal (Table 4A). Similar relationships
were noted for accumulation of zinc in the plants. Accumulation of this metal was high in
European aspen and silver birch but moderate in the remaining plants, as in the case of
cadmium. It should be noted that common oak was statistically considerably distinguished
in the group of species with moderate accumulation of this metal (Table 4B). Accumulation
of both lead and copper was low in all plants tested. Statistically considerably differences
from the other species were found for aspen in the case of phytoaccumulation of copper
and for common oak in the case of lead (Table 4C,D). It should be noted, however, that
as in the case of cadmium and zinc, for these metals as well the bioaccumulation factors
were higher in the shoots of trees than in the shoots of herbaceous plants. A comparable
BCF range to those noted for the herbaceous plants (0.05–0.45) was reported [42] for these
metals in Saccharum munja occurring in natural succession on a fly ash lagoon. Pandey [43]
also describes moderate (<1) Cd, Pb, Zn and Cu bioaccumulation factors for the aerial
parts of castor bean (Ricinus communis) growing on this type of landfill. The author, like
many others [44–47], also draws attention to the role of the biomass growth of individual
plant species and their ability to accumulate metals in relation to phytoextraction of these
elements from contaminated areas. In this regard it is worth drawing attention to the tree
species with high BCFs for cadmium and zinc, particularly European aspen and silver birch.
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The hyperaccumulation capacity of silver birch, particularly in the case of zinc, has been
confirmed by numerous studies [34,38,48]. Similar capacities of trees of the genus Populus
to accumulate heavy metals have been pointed out by various authors [49–51].

Table 4. A–H. Statistical significance of differences in means for BCF (A–D) and TF (E–H) for species
(Kruskal–Wallis test, α = 0.05). Letters (a, b, c, d, e, f) designate groups of plants for which there were
no statistically considerable differences. The data is presented and calculated all together, i.e., are not
subdivided into: the base, the middle and the top.

A/sp. BCFCd dif. B/sp. BCFZn dif. E/sp TFCd dif.
c.r. 0.134 a w.s.r. 0.131 a w.s.r. 0.102 a

w.s.r. 0.267 a c.r. 0.149 a c.r. 0.534 b
b.l. 0.711 b b.l. 0.394 a e.g. 0.618 b
e.g. 0.766 b e.g. 0.420 a
s.b. 1.087 c c.o. 0.950 b F/sp. TFZn dif.
c.o. 1.312 c s.b. 1.587 c w.s.r. 0.141 a
e.a. 1.938 d e.a. 1.935 c c.r. 0.683 b

e.g. 1.022 c
C/sp. BCFPb dif. D/sp. BCFCu dif.
w.s.r. 0.012 a w.s.r. 0.017 a G/sp. TFPb dif.
c.r. 0.019 b c.r. 0.033 a w.s.r. 0.079 a
e.g. 0.038 c e.g. 0.084 b c.r. 0.425 b
b.l. 0.050 d b.l. 0.095 b,c e.g. 0.785 c
e.a. 0.075 e s.b. 0.105 c
c.o. 0.083 f c.o. 0.105 c H/sp. TFCu dif.
s.b. 0.085 f e.a. 0.126 d w.s.r. 0.143 a

c.r. common reed; w.s.r. wood small-reed; b.l. black lotus; e.g. European
goldenrod; s.b. silver birch; c.o. common oak; e.a. European aspen

c.r. 0.315 b
e.g. 0.356 b

In the case of the group of herbaceous plants, for which the content of metals was
also analysed in the roots, it was in these organs that the elements primarily accumulated
(Table 4E–H). This is confirmed by both the statistical analyses (Table 5) and the transloca-
tion factors (TF), which for most of the elements were within the range of 0.079 ≤ TF≤ 0.785.
The only exception was zinc content in European goldenrod (TF = 1.264). In this case, the
concentration of the element in the plant growing at the base of the landfill had a statistically
considerable effect (Table 5F). At the other locations (the middle and top of the landfill),
the value of the Zn translocation factor for this species was much lower (TFZn ≤ 0.853).
It should be noted, however, that this species had the highest TFs of all metals tested
(TFCd = 0.47, TFPb = 1.107, TFCu = 0.391), differing statistically considerably from the
other plants (Table 5E,F). Accumulation of heavy metals mainly in the roots of herbaceous
plants (Typha latifolia, Saccharum spontanum, Amaranthus deflexus and Fimbristylis dichotoma)
growing on a fly ash dump was confirmed by Maiti and Jasawal [17]. The authors also
draw attention to differences in TF depending on the metal and the plant species. They
report TF < 1 for Cu and Zn. The exception was TF calculated for Pb in Amaranthus deflexus,
amounting to 1.970, whereas for the other species it ranged from 0.66 to 0.85. Similar values
(TF < 1) are reported by Pandey [18], who analysed the suitability of Ipomoea carnea for Cd,
Pb, Cu, Cr, Mn and Ni phytoremediation of ash dumps. According to the author, TF values
were > 1 only for Cd and Cr (TFCd = 1.050, TFCr = 1.180), and the limited migration of the
other metals in the root system may have been due to sequestration of these elements in
the vacuoles of the root cells.
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Table 5. A–F. Statistical significance of differences in means for BCF (A–D) and TF (E–H) for selected
species x location interactions (Kruskal–Wallis test, α = 0.05). Letters (a, b, c, d) designate groups of
plants for which there were no statistically considerable differences. The data is subdivided into the
base, the middle and the top.

A/sp. x l. BCFCd dif. E/sp. x l. TFCd dif.
e.g. x t. 0.156 a c.r. x b. 0.232 a

e.g. x m. 0.340 a e.g. x b. 0.471 a
s.b. x b. 0.741 b c.r. x t. 0.744 b
e.a. x t. 0.932 b e.g. x t. 1.002 c
c.o. x b. 1.107 b
e.a. x m. 1.629 c F/sp. x l. TFZn dif.
c.o. x t. 1.691 c c.r. x b. 0.615 a
e.g. x b. 1.800 c c.r. x t. 0.830 a,b
s.b. x t. 1.862 c e.g. x m. 0.853 b
e.a. x b. 3.252 d e.g. x b. 1.264 c

B/sp. x l. BCFPb dif. G/sp. x l. TFPb dif.
e.a. x t. 0.043 a w.s.r. x b. 0.075 a
s.b. x t. 0.044 a w.s.r. x t. 0.076 a
c.o. x t. 0.056 b w.s.r. x m. 0.086 a
e.a. x b. 0.094 c c.r. x b. 0.314 b
c.o. x b. 0.105 d e.g. x m. 0.537 c
s.b. x b. 0.106 d c.r. x t. 0.600 c

e.g. x b. 0.710 c
C/sp. x l. BCFZn dif. e.g. x t. 1.107 d

c.o. x t. 0.676 a
c.o. x b. 1.018 a,b H/sp. x l. TFCu dif.
e.a. x t. 1.119 b w.s.r. x b. 0.129 a
s.b. x t. 1.122 b w.s.r. x t. 0.167 a
s.b. x b. 1.891 c e.g. x m. 0.310 b
e.a. x b. 2.452 d e.g. x t. 0.368 c

e.g. x b. 0.391 c
D/sp. x l. BCFCu dif.

c.r. x b. 0.017 a l. location; b base; m middle; t top; sp.
species; x interaction.
c.r. common reed; w.s.r. wood
small-reed; b.l. black loctus; e.g.
European goldenrod; s.b. silver birch;
c.o. common oak; e.a. European aspen.

c.r. x m. 0.043 b
e.g. x m. 0.064 c
b.l. x t. 0.074 c
e.g. x b. 0.118 d
b.l. x b. 0.130 d

3.2.2. Influence of the Interaction of Species and Location on Phytostabilization

All data presented, calculated and discussed in Section 3.2.2. is subdivided into lo-
cation, i.e., the base, the middle and the top. Phytoremediation studies on combustion
waste landfills have previously not taken into account the relationship between the stabi-
lizing capacities of individual plant species and the site of their growth on the landfills.
The statistical analysis made it possible to distinguish the following patterns of the com-
bined effect of the two factors, i.e., the species and the location of growth on the landfill
on the stabilizing potential of each plant species. The first was characteristic of wood
small-reed and common reed, for which there were practically no statistically considerable
differences between BCF and TF values depending on their location on the landfill (base,
middle, or top). Both species also had low levels of phytostabilization of the metals tested
(Figure 3A,C,E, Table 5G,H). This suggests that the bioaccumulation and translocation of
trace elements was not a minimum factor for the development of these plants at the site,
and therefore, despite their low phytostabilizing properties, the suitability of these species
can be considered in revegetation of energy waste landfills. In the second-most common
pattern of interaction, BCF and TF values were increased by the species’ location at the
base of the landfill and reduced by their situation at the top. This pattern was observed
for European aspen and goldenrod for phytostabilization of cadmium. In the case of lead
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accumulation, these relationships were observed in silver birch, common oak and European
aspen. Similar relationships for phytoaccumulation of zinc were noted for aspen, silver
birch, European goldenrod and common reed. In the case of copper, these dependencies
occurred in black locust, common oak, silver birch and European goldenrod (Figure 3B–J,
Table 5B,D). This pattern was not observed for TF, except for phytoaccumulation of zinc in
European goldenrod (Table 5F). The third pattern was such that the values of the indices
describing phytostabilization of the metal in the plant were reduced by location of the
species at the base of the landfall but increased by its location at the top. This was ob-
served in the case of oak, birch and common reed for cadmium concentration, in common
reed for copper content and in European goldenrod for lead content (Figure 3A,B,G,I,K,
Table 5A,D,E,G,H). There weren’t any patterns in the case of TFCu (Figure 3L). This might
be attributable to the very low content of this element in tested plants [33]. Variation
in the content of metals in ash deposited in landfills is relatively well described in the
literature. Reported sources of variation include the geological source of the coal [52],
combustion technology [53] and the stage of waste generation (combustion, transport and
deposition) [54]. The content of trace elements in deposited waste directly affects their
concentrations in the vegetation growing on landfills. Due to the negative effects of landfills
on the environment, this problem continues to be a subject of research, particularly in terms
of the eco-restoration potential of individual plant species [55,56]. To date, however, no
studies have been conducted on the relationships between the phytostabilization capacity
of individual plant species and their location on the landfill. Previous research conducted
on the landfill that is the subject of this paper indicated that despite nearly 50 years of
existence of the landfill, the ecosystem developing here is still in a relatively early phase of
formation [24]. The differences between the phytoaccumulation properties of individual
species depending on their location on the landfill may be due to biogeochemical processes
taking place in the developing ecosystem. The research areas we selected were covered
by the same vegetation, and the physicochemical properties of the soil were comparable
(Table 1). However, their formation was closely linked to successive stages of formation
of the landfill, and in this sense the area can be said to be heterogeneous. The base of the
landfill was formed in the 1970s from the local soil. The middle and top were formed from
power plant waste in the 1980s and 1990s.

The ecosystems in the vicinity of the landfill were the source of the plant species
that recolonized the area. These areas were probably also a source of microbes and or-
ganic matter essential to the survival of heterotrophic microbes. According to numerous
sources [11,57–59], microbial communities have a major influence on a forming ecosystem.
From year to year, deposited ash was colonized by microbes—first the base, partially al-
ready built of colonized material, then the middle and finally the top of the landfill, the last
and furthest situated from the natural source of microbes. Therefore, the time and starting
conditions for development of microbial populations on the landfill were varied.
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Continuum for copper ((G) below median, (H) above median) and graphical comparison of cadmium
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4. Conclusions

Differences in the phytostabilisation of metals (defined by bioaccumulation and translo-
cation factors) between the analysed plants are statistically considerably different for all
tested species and elements. The study made it possible to identify two distinct groups of
vegetation: the first with high BCFs, i.e., European aspen, silver birch and common oak,
and the second with low BCFs, i.e., common reed and wood small-reed. In the case of TF,
the only species in the group with a low value was wood small-reed, whereas all other
herbaceous species, including common reed, had a high TF. The translocation factors also
indicated that for this group of plants all elements tested were accumulated mainly in the
roots. However, the most important conclusion of our study is a fact of interaction (i.e.,
combined and simultaneous) influence of species and location on phytostabilisation. The
interactions were statistically significant for all plants and metals. Location was understood
as the set of undefined conditions. Location is divided in three groups: the base of the
slope, the middle of the slope and the top of the slope. In general, at the base of the landfill,
all species had the highest BCF values for lead and zinc, most species for copper, and only
two species (aspen and oak) for cadmium. In contrast to BCF, the TF values for lead and
cadmium increased upwards along the slope (except for wood small-reed). In the case
of the physiological elements zinc and copper, the TF remained practically unchanged.
Our results showed that European aspen (Populus tremula L), silver birch (Betula pendula
Roth) and European goldenrod (Solidago virgaurea L.) can be useful in eco-restoration of
combustion waste landfills.
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34. Szwalec, A.; Lasota, A.; Kędzior, R.; Mundała, P. Variation in heavy metal content in plants growing on a zinc and lead tailings

dump. Appl. Ecol. Environ. Res. 2018, 16, 5081–5094. [CrossRef]
35. Lehmann, C.; Rebele, F. Assessing the potential cadmium phytoremediation with Calamagrostis epigejos: A pot experiment. Int. J.

Phytorem. 2004, 6, 169–183. [CrossRef] [PubMed]
36. Szöcs, E.; Schäfer, R.B. Ecotoxicology is not normal. A comparison of statistical approaches for analysis of count and proportion

data in ecotoxicology. Environ. Sci. Pollut. Res. 2015, 22, 13990–13999. [CrossRef] [PubMed]
37. Miguel, B.; Edell, A.; Edson, Y.; Edwin, P. A phytoremediation approach using Calamagrostis ligulata and Juncus imbricatus in

Andean wetlands of Peru. Environ. Monit. Assess. 2013, 185, 323–334. [CrossRef] [PubMed]
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Abstract: The conventional solar still, as a water treatment technique, has been reported to produce
water at a low working temperature where various thermal resistance pathogens could survive in
their distillate. In this work, the reviews of previous research on the quality of water produced by
passive solar stills and their productivities in initial basin water temperatures were first presented
and discussed. The next review discussed some recent studies on the performances of small-scale
solar stills integrated with SDCs (with and without sun-tracking systems (STSs)) to observe the
operating temperatures from early hours until the end of operations, daily water yield, and cost
per liter. Based on these findings, it was revealed that SDCs with STSs indicated an instant increase
in the absorber water temperature up to 70 ◦C at the starting point of the experiments in which
this temperature range marked the unbearable survival of the pathogenic organisms and viruses,
particularly the recent SARS-CoV-2. Furthermore, disinfection was also observed when the absorbers’
water temperature reached beyond the boiling point until the end of operations. This indicates the
effectiveness of SDCs with STS in reflecting a large amount of sun’s rays and heat to the small-scale
absorbers and providing higher operating absorbers temperatures compared to immobile SDCs.
Daily productivities and costs per liter of the SDCs with STSs were found to be higher and lower
than those of the other previous passive and active solar stills. Therefore, it is recommended that
small-scale absorbers integrated with SDCs and STS can be used as a cost-effective and reliable
method to produce hygienic pathogen-free water for the communities in remote and rural areas
which encounter water scarcity and abundant annual bright sunshine hours.

Keywords: solar distiller; water temperature; pathogens removal; rural areas; sun-tracking system;
cost-effective water production; water scarcity; SARS-CoV-2
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1. Introduction

The components of the environment and rich sources on Earth [1] which are essential
for humans include water [2], plant life [3], and animal life [4]. However, 3% of water
sources are fresh water and only 0.30% of that fresh water is surface water which is
accessible by humans [5]. Of the total available water on earth, 97% is salty [5–8], whereby
its consumption can cause health problems to human beings, such as hypertension, stomach
upset, and stroke effects [9]. Freshwater shortages are now affecting more than three billion
people around the world as the amount of fresh water available per capita has dropped
by a fifth over two decades [10] due to the impacts of climate change, global population
growth, and industrial developments which have resulted in increasing freshwater demand
across the strips of the globe [10–13]. It has become more difficult than before to obtain
safe, potable water for a healthy life [14]. The vast problems caused by the lack of potable
water and the transmission of waterborne diseases have been reported in some parts of the
world, particularly involving communities in rural areas [15–21], which have generated public
health distress. Around one in four people suffered from lack of safely managed drinking
water in their homes in 2020 [15]. A report by WHO/UNICEF in 2020 stated that 81% of
the world population have access to safe drinking water and about 1.6 billion people will
need to survive without hygienic drinking water by 2023 [15]. Based on the surveys from
45 developing countries, 82% of people who lack access to safe clean water reside in rural
communities, while the rest live in urban areas; meanwhile, 140 million hours are spent
daily by millions of women and children living in villages to collect water from distant and
often polluted sources, such as groundwater and natural water resources, for their day-to-
day water consumption [15,16]. The drinking of water from the above contaminated water
sources pose health risks to the villagers if consumed without any further purification [15–21].
Various types of pathogens—categorized as bacteria, viruses, fungi, and protozoa—which
are found in environmental sources (such as water bodies) are risky and could lead to
various diseases for living organs, particularly human bodies. Waterborne diseases—such
as cholera, dracunculiasis, infectious hepatitis, typhoid, bacillary dysentery, paratyphoid,
colibacillosis, giardiasis, salmonellosis, filariasis, cryptosporidiosis, and amoebiasis—are
mostly transmitted in contaminated fresh water due to pathogenic microorganisms in
water sources from flowing rivers, groundwater, and runoff water from rooftops, as mostly
consumed by the rural communities in Africa, India, and East Asia [20,21]. Skin keratosis
is caused by high concentrations of arsenic in groundwater as reported in some rural
areas of India, Pakistan, Nepal, and Bangladesh [17,19]. Many more bacterial and viral
diseases can be caused by contaminated water [21]. Infection by viruses in untreated
water—such as astrovirus, rotavirus, norovirus, and hepatitis A and B viruses—can result
in a higher rate of mortality for vulnerable groups such as children, the elderly, and
pregnant women, in which 6.3% of all causes of death in the world are attributed to the
consumption of unsafe water and inadequate sanitation [22]. It was estimated that every
year, one million people in developing countries could die due to contact with waterborne
diseases [20–22]. In countries such as India, Bangladesh, Pakistan, and Nepal, there are
certain regions where the arsenic concentration is more than 10 times that of the WHO
drinking water quality standards of 0.01 mg/L [19]. In India alone, nearly 100 million
people are at a health risk due to arsenic-rich water [19]. Some of them are suffering
from arsenic-related diseases, such as skin burning and irritation, blackening of skin,
paralytic attacks, and early greying of hair. Thus, the quality of drinking water has to
be considered when evaluating the role of water in public health [20,22]. Reportedly,
there are a number of water treatment methods for Arsenic removal from raw water.
Oxidation reduction, adsorption, coagulation and precipitation, ion-exchange, membrane
techniques and biological treatments, vapor compression distillation, reverse osmosis, and
electro dialysis are some examples of desalination techniques which have been developed
and tested by various researchers [17]. However, these methods require electricity and
the observation of certain performance parameters on a steady basis; they also produce
hazardous waste that restricts the sustained performance of these technologies, especially
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in rural areas which have restricted access to electricity and skilled manpower [17]. Over
10,000 desalination plants which exist in the world produce about 18.93 million cubic
meters of treated water a day [23]. The required electricity for the above desalination
methods is generated from coal and fossil fuel combustion as input energy which has
contributed to the discharging of hazardous greenhouse gas emissions and increased
global temperatures, thus leading to climate change and threatening the lives of millions
of people on earth [24–26]. Meanwhile, some countries located in the middle east (e.g.,
Qatar, Lebanon, Iran, Jordan, Kuwait, Saudi Arabia, and UAE), South-East Asia (e.g., India,
Bangladesh, Nepal, and some parts of China), and Africa (e.g., Libya, Egypt, Algeria, Sudan,
Mali, Niger, and Nigeria), which are home to nearly a fourth of the world’s population,
have been facing extremely high levels of water stress and crisis recently [27]. All of these
countries enjoy high levels of average daily solar irradiance and receive about 3000 bright
sunshine hours annually [28]. Considering this, the application of solar energy to treat the
contaminated surface or groundwater and the production of clean potable water can be
used as an alternative to aid in eliminating water scarcity and stress issues for the local
rural communities of the aforementioned countries.

Solar distillation still utilizing only solar energy is one of the most reported cost-
effective, environmentally friendly, and sustainable water treatment technologies to supply
high-quality drinking water which are safe from poor water sources for rural, remote,
and coastal communities who lack access to other water treatment options [17,21,29–35].
Hence, the main aim of this work is to review the recent studies on performances of solar
dish concentrators (SDCs) with different configurations which are integrated with the
small-scale conventional solar stills (small absorbers) and a sun-tracking system. Specifi-
cally, the objectives of this work are to evaluate the capability of SDCs in the studies by:
(1) eliminating the waterborne pathogens, bacteria, as well as SARS-CoV-2 virus from
the absorbers water at the initial stages of the experimental work by achieving the initial
absorber water temperatures at about 70 ◦C instantaneously; (2) disinfecting the water
absorbers by increasing the water temperature to the boiling point and even at higher rates
in continuous durations in the experiments; and (3) enhancing the production of hygienic,
pathogen-free, and cost-effective fresh water for communities in remote and rural areas.

2. Performance of Passive Solar Desalination Still for Water Treatment

Solar stills are closed containers with different designs and configurations which are
mainly comprised of basin/bed to keep the contaminated water and a transparent cover of
the condensation to allow the sun’s rays pass through it and heat the basin water [32–36]
(Figure 1).
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The basic process of the hydrological cycle—namely, evaporation and condensation
phenomena—occurs inside a solar still between the surface water of the basin and inner
cover of the solar still in order to produce clean water [37]. Solar distillation stills are
categorized as passive and active solar stills [38]. The operation of passive solar stills
depends greatly on the available direct solar irradiance to heat the basin water, while
active solar stills are the similar to passive stills which are incorporated with additional
external heat sources and receive direct solar irradiances [30,38–42]. The daily productivity
of passive conventional solar stills (CSS) was investigated with different configurations in
some countries, such as Malaysia [30,31,43], Saudi Arabia [44], India [45–48], Japan [49],
Egypt [50,51], Jordan [52,53], Turkey [54] and Nigeria [21]; these productivity values
were generally low—i.e., less than 5 L/m2—due to failure in obtaining high basin water
temperature which resulted in low evaporation rates and thus, low amounts of water
production. Several researchers analyzed the quality of water produced by passive solar
stills. In 2003, Hanson et al. [29] designed, fabricated, and studied the performance of a
passive trapezoidal-shaped single basin single slope solar still in Southern New Mexico,
USA in order to evaluate the treatment of samples of local tap water, brackish ground
water, geothermal ground water, and diluted raw sewage. As proved in their study, 99%
of non-volatile contaminants (such as salinity, total dissolved solids (TDS), total hardness
(Caco3), electrical conductivity (EC), nitrate, fluoride), and 99.9% of E.coli and fecal coliform
bacteria were successfully removed from the studied raw waters using the aforementioned
passive solar distiller, and therefore it was concluded that the solar still produced high-
quality hygienic drinking water [29]. In another study in Malaysia, lake water samples were
treated using two passive glass (GSS) and polythene film (PSS) cover solar stills [30]. It was
observed in the study that through both PSS and GSS (Table 1), the quality parameters of
pH, TDS, salinity, nitrate, nitrite, iron, turbidity, and EC after the experiment were recorded
within the acceptable ranges of WHO standards for drinking water [55]. Hence, the use of
PSS was proposed as the economical means of production of healthy potable water for the
benefit rural communities [30].

Table 1. Performances of several passive solar stills after the treatments of contaminated surface
water [30], groundwater [17], and seawater [31] sample as recommended for the rural community
consumption.

Water
Quality Parameters PSS [30] GSS [30] SSSB [17] TrSS [31]

WHO
Standards

for Drinking
Water [55]

pH 6.51 6.53 7.14 7.7 6.5–8.0
Total dissolved solids

(TDS) mg/L 95 28 45 7.52 600

Total Arsenic (mg/L) —- —- ≤0.01 —- 0.01
Salinity (ppt) 0.1 0 Na 0.006 <0.25

Nitrate (mg/L) 0.6 0.4 0.74 —- <50
Nitrite (mg/L) 0.03 0.01 Na —- <0.05

Fluoride (mg/L) —- —- 0.02 —- 1.5
Chloride (mg/L) —- —- 10.99 —- 250
Hardness (mg/L) —- —- 33.81 —- 200

Iron (mg/L) 0.03 0.02 0.00 —- 0.3
Sulfate (mg/L) —- —- 0.72 —- 250

Turbidity (NTU) 1.37 0.92 Na —- <5
Electrical conductivity

(EC) (µS/cm) 52.5 15.66 Na 11.6 <250

In a study, a single-slope single-basin (SSSB) passive solar still was designed and
constructed, and then its performance for groundwater treatment was investigated in a
rural community area affected by high arsenic levels in India, namely Kaudikasa village [17].
It was perceived in the study that the parameters of pH, TDS, total arsenic, nitrate, fluoride,
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chloride, hardness, iron, sulphate, and total coliform after conducting the experiment using
SSSB [17] conformed with the WHO drinking water guideline ranges [55], as given in
Table 1. In another study in Malaysia [31], seawater samples were treated using a low-cost
passive triangular solar still (TrSS), and the results showed that the quality parameters of
pH, salinity, TDS, and EC were also in compliance with the WHO standards of drinking
water [55] as in Table 1. The distillate water produced by the solar distillers is deficient
in minerals and fluoride concentration and therefore, some minerals and fluoride salts
may be added to the distillate [17] to be in accordance with the current requirements
as per drinking water quality standards which stated 1.5 mg/L in WHO, 2008 [55] as
the requirement of fluoride so that the produced distilled water can be consumed as
potable water without negatively affecting health. However, some recent studies [36,56–61]
expressed their concern that working water temperatures in passive solar stills play an
important role for the viability of various viruses and pathogens in the distillate due to
their transmission through vapor in solar stills. This is because water vapor was observed
at an extensive range of temperatures, and solar stills were able to produce distilled
water even at low working temperatures [36]. With various modifications of passive solar
stills, their maximum water temperature can reach up to 70 ◦C, and the temperature is
considerably higher in active solar stills due to the use of different external heat sources,
such as solar collectors, pre-heating, etc. [62]. However, in a study conducted by Parsa
et al., the initial working water temperature in the early experimental hours using most
passive and active solar stills was usually low, which was observed between 20 ◦C and
50 ◦C [61]. In another study conducted by Parsa S.M. [36], most solar stills, including
passive and active solar stills [31,39,40,42–44,46–51,53,63–73], had the productivity at low
working temperatures. The passive solar stills tested in Malaysia [31,43], Saudi Arabia [44],
India [46–48,64,65,70,71,73], and Japan [49], had their initial productivity in basin water
temperatures of 32, 35, 37, 35, 34, 33, 49.2, 18, 19.3, 25, 39, and 20 ◦C, respectively and
most the active solar stills investigated in Malaysia [39,40], India [42,63,66,68,71,72], Saudi
Arabia [44], Egypt [50,51], Jordan [53], Oman [67], and Iran [69] had their early water
production in water temperatures of 47, 49, 25.5, 18.9, 9.25, 25, 26.6, 49, 48, 36, 25, 34.6,
and 21.6 ◦C, respectively (Table 2) [36]. Generally, these results were obtained in the
beginning of their experiments at early morning hours, with exposure to the low rate of
solar radiation intensity [36]. In one study, the concentration of biological colonies in the
distillate water produced by a passive stepped solar still was extremely high [56]; while, in
another study, the presence of E. coli was noticed in the water produced by a passive plastic
type solar still [57]. Another study reported the capability of various pathogens of E. coli,
Klebsiella pneumoniae, and Enterococcus faecalis in transferring via vapor in a solar still [58].
The transmission rate of E. coli in water temperatures in the 30–35 ◦C range was found to
be higher than Enterococcus faecalis, while the transmission rate of Enterococcus faecalis was
higher than E.coli at the 40–45 ◦C and 50–55 ◦C temperature ranges [58]. As a thermally
resistant pathogen, Enterococcus faecalis was able to survive in water with temperature up
to 65 ◦C [58]. It was recommended that exposing all parts of solar stills to sunlight with a
high rate of radiation intensity throughout the experiment is also important to prevent the
growth of bacteria and pathogens in the produced water by solar stills [58–60]. However,
this recommendation is not completely practical due to some parts of solar stills possibly
failing to catch the solar intensity in early experimental hours (usually in the morning), and
the presence of pathogens in the productivity of solar stills seems to be unavoidable [36].
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Table 2. Initial produced water by some passive and active solar stills corresponded to their basin
water temperature [36].

Solar Still Type Modified/Incorporated with

Basin Water
Temperature

of the
Distiller (◦C)

Initial Productivity
(L/m2) of the

Distiller
Corresponded to

the Basin
Water Temperature

Countries/
Year of Experiment Ref.

Passive, double slope
Polythene film cover and

black painted Perspex
sheet basin

32 ◦C 0.01 L/m2 Malaysia/2014 [31]

Active, double slope Photovoltaic
modules-AC heater 47 ◦C 0.138 L/m2 Malaysia/2016 [39]

Active, double slope A photovoltaic
module-DC heater 49 ◦C 0.32 L/m2 Malaysia/2019 [40]

Active, single slope Hybrid PV/T with cover
cooling method 25.5 ◦C 0.08 L/m2 India/2018 [42]

Passive, double slope Black soil heat
absorption materials 35 ◦C 0.048 L/m2 Malaysia/2015 [43]

Passive, double slope Black painted basin 37 ◦C 0.15 L/m2 Saudi Arabia/2012
[44]

Active, double slope Two immersed AC
water heaters 49 ◦C 0.50 L/m2 Saudi Arabia/2012

Passive, single slope Fin and sand as heat
storing materials 35 ◦C 0.05 L/m2 India/2008 [46]

Passive, single slope Marble pieces in basin 34 ◦C 0.035 L/m2 India/2017 [47]

Passive, single slope Glass cover with
4 mm thickness 33 ◦C 0.04 L/m2 India/2016 [48]

Passive, tubular shape Polythene film
cylindrical cover 20 ◦C 0.02 L/m2 Japan, 2012 [49]

Passive, single slope 39 ◦C 0.07 L/m2
Egypt/2012 [50]

Active, single slope Vacuum tube collector and
stepped basin 48 ◦C 0.15 L/m2

Active, single slope A photovoltaic
module-Rotating shaft 36 ◦C 0.05 L/m2 Egypt/2005 [51]

Active, pyramid shape A photovoltaic
module-DC fan 25 ◦C 0.06 L/m2 Jordan/2012 [53]

Active, single slope Hybrid PV/T and flat plate
collector (FPC) 18.9 ◦C 0.08 L/m2 India/2018 [63]

Passive, single slope Porous absorber and
carbon foam 49.2 ◦C 0.10 L/m2 India/2018 [64]

Passive, double slope Multi wicks heat
storage materials 18 ◦C 0.062 L/m2 India/2017 [65]

Active, single slope PV/T 15 ◦C 0.04 L/m2 India/2010 [66]
Active, single slope Inverted absorber 34.6 ◦C 0.06 L/m2 Oman/2011 [67]

Active, single slope Hybrid PV/T and
heat exchanger 9.25 ◦C 0.0014 L/m2 India/2018 [68]

Active, single slope Reflectors 21.6 ◦C 0.0017 L/m2 Iran/2021 [69]
Passive, single slope 19.3 ◦C 0.03 L/m2 India/2006 [70]
Passive, single slope 12.2 ◦C 0.007 L/m2

India/2006 [71]
Active, single slope Flat plate collector (FPC) 25 ◦C 0.016 L/m2

Active, double slope Flat plate collector (FPC) 26.6 ◦C 0.032 L/m2 India/2011 [72]

Passive, single slope Micro coated and nano-ferric
oxide particles in basin 39 ◦C 0.13 L/m2 India/2020 [73]

Nowadays, another worldwide concern, as reported by Parsa S.M. [36], was the
presence of SARS-CoV-2 in the environment [74–78] which is able to survive in various
water bodies with 4 ◦C temperature, room temperature of 20–25 ◦C, and hot temperature
of 33–37 ◦C for 14, 7, and 1–2 days, respectively [75]. However, it was also reported that the
novel coronavirus is unable to survive more than 30 min at temperatures within the range of
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50–70 ◦C [74,75]. As recently noted, the water temperature in the basin of solar stills is one
the most crucial factors affecting the viability of waterborne pathogens and SARS-CoV-2
in basin water, vapor, and distillate of the solar stills [36]. Thus, the risk of transmitting
some pathogens and SARS-CoV-2 is higher in the produced water by the solar stills if the
productivity occurs at low initial water temperatures, i.e., within the ranges of 20–25 ◦C
and 33–37 ◦C [36] (Table 2). It is recommended that the best solution for treating water
using solar stills and preventing the transmission of pathogens and viruses is by increasing
the initial temperatures of water in the basin of solar stills instantaneously to 70 ◦C, and
then to the boiling point (100 ◦C). Next, the boiling point temperature is maintained until
the end of the experiment by integrating the external heat sources (such as external solar
heat collectors) to the small-scale conventional passive solar stills (small-scale CSS) called
absorbers or (boilers) with low water capacity. This will help to avoid the transmission of
waterborne pathogens and the viruses, particularly SARS-CoV-2, in the vapor and solar
still productivity during the pandemic. There are two types of conversion modes which
are incorporated into the passive solar distillation stills to enhance the water production; the
first mode is the solar flat plate collectors’ approach and the second mode is the application
of solar dish concentrator (SDC) [79]. In one study, the former type was used to increase the
solar still basin water temperature up to 100 ◦C; while the second one—which is composed of
an SDC, a focal absorber, and a sunlight tracking system—was used to enhance the freshwater
production of the passive solar desalination approaches by increasing the temperatures of
their boiler water to more than 100 ◦C [79]. As reported in the study, the thermal efficiency
of the SDC system is higher than the efficiency of the flat plate collector (FPC) system as the
receiver area of the SDC losses less heat temperature compared to the area of the FPC [79].
As mentioned previously, due to the recent concerns regarding the existence of waterborne
pathogens and SARS-CoV-2 virus in the solar still vapors and distillate which are produced
at low basin water temperature [36], one of the best alternatives is through the immediate
increase in the initial basin water temperature of small-scale CSS or absorber above 70 ◦C in
the early stages of the experiment. Other than that, it is also recommended that the absorber
water temperature can be increased to be higher than the boiling point in order to remove the
bacteria and viruses in the boiler. These methods can be employed by integrating the CSS with
the SDC and the sun-tracking system. As reported by several studies, a disinfection process
occurs during the continuous boiling process using the SDC system with the explosion of
the solution to the solar radiation ultraviolet waves [80–83]. The solar thermal parabolic dish
concentrators were also noted as one of the most cost-effective paths for renewable energy
to displace fossil fuels [84] which can be employed in producing freshwater for the rural
communities. The reason for incorporating a sun-tracking system to the SDC was to increase
the solar energy density at the focal point of the dish by reflecting most of the sunlight onto
the solar still through absorber. This approach could lead towards achieving higher water
temperatures [80–82,85,86], compared to the immobile solar reflectors which was reported to
be unable to increase the basin water temperature up to the boiling point and thus increase
the distillate yield significantly [87,88]. To ensure the specified accuracy and smoothness
of the SDC surface, Sinitsyn, S. et al., 2020 proposed a method of fan-shaped geometric
parquetting of the surface of a parabolic concentrator [89] and Panchenko, V., 2021 stated
that the overall efficiency of a solar module increased and the uniform illumination was
provided by using a composite concentrator (SDC) by concentrating the solar radiation on
the surface of the module [90].

2.1. Description of Solar Dish Concentrator (SDC)

Generally, an SDC is a parabolic-shaped device which is covered with mirror strips
to reflect and focus on the radiation of the sun towards a receiver or absorber mounted
on the focal point of the parabolic dish, as depicted in Figure 2 [82]. A dual-axis direct
current (DC) sun tracker system is required to maintain the orientation of the dish towards
the sun [79–82,85,86]. As shown in Figure 2, the parabolic dish is characterized by the
parameters of an aperture area, acceptance angle, rim angle, focal length, intercept factor,
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and the absorber area [91]. The curvature area of the dish that receives the sun’s rays and
reflects them to the absorber is called the aperture area (Figure 2). The acceptance angle
(θlim) is defined as the angular limit to which the direction of the sun passes from point A
to point B, and its rays deviate from the curvature, reflect on, and still touch the bottom
of the absorber that is mounted on the focal point (Figure 2), where point A and point B
symbolize the position of the sun in the sky. In order to use the sun-tracking system, the
acceptance angle from point A to point B must always be equal to 0◦ [82]. The rim angle
(ϕr) is the angle between the edge of the dish and the center of dish curvature from the
focal point (absorber) (Figure 2); meanwhile, the intercept factor (γ) is defined as the ratio
of the solar energy intercepted (cut off) by the absorber to the total energy that is reflected
by the parabola of the SDC [82].
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The mathematical general equation for calculating the solar dish/parabolic concentra-
tor (SDC) profile and the focal length (f ) of the parabola of SDC was described by Johnston
et al., 2003 [92] and Chaichan M.T. and Kazem H.A., 2015 [93] which is shown in Equation
(1) when the coordinates of the parabola vertex (the point at the intersection of the parabola
and its line of symmetry) is equal to (0, 0) (Figure 3).

y = x2/(4f ) (1)

where y and x are the depth and radius of the SDC parabola, respectively, and f is the
parabolic focal length (Figure 3) [92,93].
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Maximized basin water temperature up to the boiling point and minimized thermal
losses are among the advantages of SDCs compared to other heat sources which are coupled
with passive solar distillation stills [94,95]. To achieve the above objectives, the quality of
the SDC depends heavily on the quality of the reflecting surface; it is recommended that the
surface be made using aluminum and stainless steel sheets for ensuring cost effectiveness
and durability, as well as accuracy of the machining surface [94,95]. The solar still basin
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should be designed with small surfaces to ease its mounting at the focal point of the SDC
for absorbing most of the reflected sunlight [79–82,85,86,94–96] as received from the optical
concentration from tracking of the sun. As stated in a study, the typical temperature of the
small-scale absorber integrated with the SDC and a dual-axis sun-tracking system ranges
from 100 ◦C to 1500 ◦C [96].

2.2. Recent Findings on SDCs Integrated with Solar Stills
2.2.1. SDCs Integrated with Solar Stills and the Sun-Tracking System (STS)

The design and installation of an SDC that is integrated with a mini single-slope,
air-tight solar still is called a ‘modified receiver’ (boiler) (Figure 4). This approach was
presented and tested in a study [80] for the purpose of brackish water desalination under
the climate in Egypt, in which the SDC performance was compared experimentally with
the performance of a simple CSS. The dish-shaped concentrator (made of aluminum as
a point-focus collector with an aperture diameter, depth, and focal length of 100, 20, and
40 cm, respectively) was selected and covered with highly reflective glass mirror strips
(with 0.004 m of thickness) to reflect the intensity of the incoming solar insolation into the
boiler located at the dish focal point. A tracking system was applied to the SDC to track the
sun on two axes by using a 36 VDC tracking motor to move the SDC into the calculated
positions. This was carried out throughout the day to maintain the focus of the sun’s rays
to the boiler in improving its water temperature, thermal efficiency, and distillate yield
(Figure 4) [80]. The whole tracking system was powered by a 15 W amorphous silicon solar
photovoltaic module, charge controller, battery, and inverter (Figure 4) [80]. Brackish water
was preheated by a black hose which was exposed to solar irradiation throughout the day
and supplied to both trapezoidal-shaped boiler and CSS. The boiler with a basin surface
area of 0.046 m2 had small dimensions (with the length, width, height from back, and front
sides of 27, 16, 17, and 12 cm, respectively) to admit most of the reflected sunlight. The
trapezoidal-shaped CSS with the basin area of 0.5 m2 (with the high side and low side basin
walls of 44 and 15 cm, respectively) was covered with a 30◦ inclined glass sheet (Figure 4).
The experiments were conducted for nine hours, from 9:00 a.m. to 6:00 p.m. All of the
boiler surfaces which were exposed to the sunlight (mainly UV) received some radiation
from above as direct solar radiation, and most radiation of the sun’s rays was reflected
from the SDC surface to the sides and bottom surface of the boiler.
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This process appeared to prevent the growth of bacteria and waterborne pathogens
that could cause contamination of the distilled water [58–60] throughout the experiment.
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However, this process is not completely practical in any other types of passive and ac-
tive solar stills (CSS) which involve early experimental hours (usually in the morning)
(Figure 5) [36]. The study results also showed that the water temperatures in the boiler
were approximately 36–42 ◦C higher than the water temperatures in the basin of the CSS
throughout the experiment (Figure 5). This occurred due to the additional concentrated
sun’s rays hitting the sides and bottom of the boiler as received from the SDC, which were
about 230 w/m2 at 9:00 a.m. in the first hour of the experiment, 100 w/m2 at 12:00 p.m., and
600 w/m2 at 5:00 p.m. in the day (Figure 5); it was also because the direct solar radiation
intensity received from the top condensing surface of the boiler [80]. Meanwhile, the CSS
only received direct intensities of solar radiation from its condensing cover which is located
at the top (Figure 4). As can be observed from Figure 5, the starting (initial) brackish
water temperature of the boiler, which was integrated with the SDC without preheating
by the black hose, immediately reached 70 ◦C due to absorbing additional rate of solar
intensities as reflected from the SDC. This rate was much higher than the temperature of
the initial basin water of the CSS (which was recorded at about 45 ◦C) and solar stills in
other studies [30,31,42–54,63–73], as presented in Table 2. The boiler water temperature
increased to above 80 ◦C within an hour, reached approximately 105 ◦C at 11:00 a.m., and
then continued to generate steam with a temperature of 105 ◦C for a three-and-a-half hour
period until 2:30 p.m. Meanwhile, the maximum basin water temperature of the CSS was
recorded at 63 ◦C at 12:00 p.m. (Figure 5) under similar climatic conditions. The produced
steam from the boiler moved to a cylindrical tank, referred to as the ‘condenser unit’, that
was filled with cold water which would be converted to fresh water droplets and collected
in a graded container (Figure 4) [80].
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The study results showed that by integrating the SDC and small-scale solar still (boiler),
the water temperature in the boiler drastically increased to above 70, 80, and 105 ◦C in the early
experimental hours. This approach is seen as the most effective in removing any available
waterborne pathogens, bacteria, and viruses—particularly SARS-CoV-2—from the boiler
water and produced vapors while preventing the transmission of those impurities into the
distillate (Figure 5). This is because the range of temperatures from 50 ◦C to 70 ◦C is the limit
of the viability of waterborne pathogens and novel coronavirus, as recommended by several
studies [74,75]. It was also stated in the study that the increased temperature of brackish water
in the boiler by the SDC enhanced the amount of daily fresh water production, ranging from
0.65 and 0.55 L/h at 11:00 a.m. and 4:00 p.m., respectively (Figure 6) [80]. The boiler with SDC
produced maximum water of 6.7 L/m2 in a nine-hour period, while the CSS produced only
1.5 L/0.5 m2 within the same period [80].
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without the preheating method [80].

In another study, a stand-alone point-focus parabolic solar still (PPSS) coupled with
the sun-tracking system and a small-scale passive solar still as absorber or (boiler), was
designed and fabricated for purification of the seawater and brackish water in Tehran,
Iran (Figure 7) [81]. Salt with different masses (from 10 g to 40 g, with 5 g intervals) was
dissolved into each kg of water sample before being fed into the boiler [81].
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Figure 7. Photograph of the experimental set-up of an auto sun-tracking system SDC-solar still in
Tehran, Iran [81].

The above-developed stand-alone system (PPSS) is comprised of several items, includ-
ing a parabolic dish concentrator, a boiler mounted at the focal point of the dish collector,
two plate heat exchangers (to condense the steam generated in the boiler and increase
the brackish water temperature before entering the boiler, or the preheating process) and
a brackish water level controller in the absorber (Figure 7) [81]. A programmable logic
controller (PLC) was used to control the tracking motors to drive the SDC in two axes
for tracking the sun based on the calculated positions [81] (Figure 7). The boiler had a
receiving surface, which was as small as 0.031 m2 and made of CK45 steel alloy, and the
black chrome was coated at its bottom side to increase the absorptivity of the reflected sun’s
radiations [81]. The reflective area of the SDC was 3.142 m2 with the aperture diameter of
2 m and the focal length of 0.693 m, and it was covered with silver-backed glass segments
of 0.002 m thickness [81].

The study results showed that the initial boiler wall temperature (Ts) increased
abruptly to about 70 ◦C (Figure 8) due to the reflection of solar radiation into the small-scale
boiler [81]. All parts of the boiler were exposed to the sunlight in the early hours of the
experiment, and the SDC-boiler system performed to produce water at temperatures higher
than 70 ◦C, which is operative to prevent transmission of pathogens, bacteria, and viruses
from the brackish water into the vapors and condensed vapors [74,75]. The boiler wall
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temperature increased drastically from 70 ◦C to about 100 ◦C in a short period of 30 min
after the experiment started at 8:00 a.m. (Figure 8). Then it was maintained to reach above
100 ◦C (boiling point) for the remainder of the seven-hour experiment.
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The maximum total daily water production (Pd) was reported on 18 and 22 October
2014 with values of 5.02 and 5.11 kg per 7 h, respectively. Meanwhile, the PPSS system
was exposed to higher average solar radiation intensities ((Ib)ave, more than 630 W/m2) in
these two days, causing the boiler wall temperatures (Ts)ave to reach maximum average
values of about 140 ◦C and 150 ◦C, respectively. The highest average daily efficiency was
reported as 36.7% on 22 October 2014 due to the highest average solar insolation, average
absorber wall temperature, and total daily productivity [81]. However, it was reported
that the average temperatures of air (Tair)ave, wind speed (Vw)ave, and the salinity rates
fed in water samples did not affect the daily water production considerably [81]. Water
quality parameters of total dissolved solids (TDS) and electrical conductivity (EC) were also
measured for feeding salt water into the boiler and discharging brine and distilled water
from the boiler after the desalination process for the seven experimental days. As reported,
the values of TDS and EC ranges for the distilled water produced by PPSS were the lowest
and fell within the acceptable ranges of WHO standards for drinking water purposes [81].
The annual water production of the proposed PPSS system was calculated and stated as
2422.40 kg, while the cost of 1 kg of distilled freshwater produced by the system with an
SDC coupled to a boiler was analyzed and reported as USD 0.012; under the Tehran climate,
this cost was stated as sufficiently low and cost-effective for rural householders [81]. It
was recommended that the photovoltaic modules can be employed as a useful alternative
to supply power for the electrical components of the PPSS system, instead of consuming
electricity directly in order to reduce the direct electricity consumption per kilogram as
well as the operating costs of USD 6187.40 per year for the production of freshwater [81].

In another theoretical and experimental work [82], an SDC which was made from
recyclable materials and coupled with a sun-tracking system and a boiler (evaporator) were
designed, installed, and experimented for ground water and sea water desalination under
the Brazil climate, as depicted in Figure 9. A recycled satellite dish antenna made from
galvanized steel with two different aperture diameters (height of 68 cm and width of 62 cm)
was selected, mirrored via an electrostatic chroming method, and then used as an SDC in
the study [82].
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Figure 9. Sketch of a solar desalination unit of SDC coupled with a sun-tracking system [82].

Based on the experiment results as shown in Figure 10, an intermediate focal point in
a focal region of the SDC which was determined between two different focus points of the
reflected sun’s rays was achieved at the best focal length of 51.5 cm [82]. A two-axis sun-
tracking system was mounted on a steel tripod (1) and powered by two motors (2) which
rotated the SDC in 64 steps per revolution with 1.8◦ in each step programmed through the
control (3) (Figure 9) [82].
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had different diameters from the absorber which is located at the focal length of 51.5 cm [82].

The study’s experiments were conducted from 9:00 a.m. to 4:00 p.m. for two months
(September and October) [82]. As illustrated in Figure 11, a borosilicate glass sphere-
shaped absorber called an evaporator absorber with the area of 0.1182 m2 and the storage
of 100 mL was filled with crushed basalt and coated with a matte black paint mounted at
the focal point of the SDC. Samples of ground water and sea water with similar sea salt
concentrations from 0% to 4% were pumped into the absorber from the storage tank (1).
Next, the sun’s rays’ reflections were focused onto the sphere-shaped boiler to heat the sea
water. Then, water vapor from the boiler passed through the copper tube with a length
of 30 cm for the first phase of the condensing process (2) and was directed from a 1.5 m
silicon tube for the second phase of condensation method (3) into the graduated container
to store the produced water (4) [82].
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Figure 11. Processes of pumping brackish water into the absorber (1), evaporated from the absorber
(2), and condensed in copper (3) and silicon (4) tubes [82].

As shown in Figure 12, two disk-shaped aluminum specimens, Specimen 1 and
Specimen 2 (painted matte black with the effective areas of 0.1611, 0.1108 m2, respectively)
which were located at the focal region of the SDC acted as solar radiation absorbers
and were tested theoretically and experimentally to determine their dynamic heating
temperatures [82]. The intercept factors (γ) of Specimens 1 and 2 were experimentally
investigated, analyzed, and recorded at 48.64 and 33.45 % respectively, which indicated
that these factors were dependent on their diameters [82].
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The temperature of the smaller absorber (Specimen 2) reached the maximum value of
319 ◦C in 840 s which was maintained until 1800 s, while the larger absorber (Specimen 1)
experienced the maximum temperature of 198 ◦C at 1800 s which lasted until the end of
experiment, i.e., at 3500 s. These results are shown in Figure 13a,b) [82]. It was also reported
that the average boiling point temperature of the third absorber (called the ‘evaporator
absorber’, with an optical efficiency of 0.273 and intercept factor of 35.71%) increased from
98.10 ◦C without sea salt concentration to 99.66 ◦C with 4% of salt concentration [82] during
the desalination experimental works. This result indicated that a disinfection process
occurs during the continuous boiling process with the explosion of the solution to the solar
radiation ultraviolet waves [83]. It was observed during the study’s experiments that all the
three absorbers received ultraviolet waves (UV) of the sun’s rays from their top sides and
as reflected from the parabola of the SDC [82]. Thus, the reviews have proven the feasibility
of using SDCs coupled with smaller absorbers of Specimen 2 and evaporator with the
sun-tracking system in the study [82] for removing bacteria, waterborne pathogens, and
viruses since the high initial temperatures of the absorber water were achieved. The highest
yield of 4.95 kg/m2 day of distilled water was attained under the average solar irradiances
of 791 W/m2 without adding salt in the sample [82].
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Figure 13. Experimental and simulated dynamic heating of Specimens 1 (a) and 2 (b) versus the
values of solar radiation [82].

In a study conducted by Chaichan M.T. and Kazem H.A. in Baghdad, a solar distiller
(absorber/receiver) was integrated with an SDC to heat the saline water (Figure 14) [93].
Then, hot water was transferred to a conical distiller by a heat exchanger to produce
distilled water. The SDC had an aperture diameter of 1.5 m and a depth of 23 cm and the
conical distiller was layered with paraffin wax, called ‘PCM’, as thermal energy storage
material to expand the distillation process after daytime [93]. Aluminum foil was adhered
to the parabola dish surface for reflecting the sunlight to the absorber.
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Figure 14. Sketch of the SDC with STS integrated with an absorber (receiver) with a conical distiller
with PCM [93].

The experiments conducted for four cases consisted of the SDC without STS and PCM
as Case 1, the SDC with STS and without PCM as Case 2, the SDC without STS and with
PCM as Case 3, and the SDC with STS and PCM as Case 4. Using PCM with STS (Case
4) gave the highest temperatures compared to other three cases, especially for the period
after 2:00 p.m. (Figure 15). However, the obtained temperature for Case 4 did not reach the
boiling point of brackish water as the reflecting layer adhered to the surface of SDC was
made of aluminum foils and had lower sun’s rays reflectivity compared to the mirror. It can
be seen that the water temperatures of the brackish water reached beyond 65 ◦C at about
2:00 p.m., and reduced significantly after 2:00 p.m. following the decrease in solar radiation
intensity. Although the initial working temperatures of the absorber in Case 4 were between
10 ◦C and 40 ◦C in the early hours of the experiment (Figure 15). However, in the results
obtained from the experiments conducted in [80–82], the initial temperature of the absorber
was above 65 ◦C and it increased drastically beyond the boiling point immediately in a
short period of time due to using glass mirror as the covered layer of the SDC surface. This
can be resulted from covering the layer of the surface of the SDC with aluminum foil which
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has a lower solar radiation reflectivity as compared to mirror strips. Thus, it seems that
the SDC layered with aluminum foil is unable to increase the absorber water temperature
considerably (Figure 15) in order to remove bacteria, waterborne pathogens, and viruses
due to the resulting low initial water temperatures in the absorber. Thus, it can be seen
from the above results that the reflectivity of the cover layer of the SDC surface has a vital
role in increasing the initial temperature of the brackish water in the absorber significantly.
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In another study conducted by Bahrami et al., 2019 in Yasouj University, Iran, an SDC
with an aperture diameter of 2.0 m integrated with an STS to reflect the solar radiation into
an evaporator tank mounted on its focal point with a focal length of 1.4 m was designed,
installed, and tested to desalinate saltwater (Figure 16) [97]. The evaporator had a base
area of 0.2 × 0.2 m and saltwater in the range of 1.0 to 10 kg was fed into the evaporator
during the experiment and maintained with the use of a float level controller (Figure 16).
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Figure 16. (a) Detailed sketch and (b) photograph of the experimental set up of the SDC and
evaporator performed in Iran [97].

It has been stated by Bahrami et al. that the total amount of the produced distilled
water increased from 11.5 to 50 kg by increasing the aperture diameter of the SDC from 1.5
to 3.0 m, respectively, and it increased twice while the optical efficiency of SDC increased
from 0.5 to 0.8. The amount of produced water was also increased by more than double
when the reflectivity of the evaporator base decreased from 0.7 to 0.4 [97]. They have also
reported that the saltwater in the evaporator boils at earlier time for an SDC with larger
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aperture diameter. An SDC with an aperture diameter of 3.0 m was able to boil 8 kg of
saltwater with a salinity rate of 30 (g salt/kg water) after about 20 min, while this took
about 40 min for an SDC with a diameter of 2.0 m [97]. As depicted in Figure 17, the SDC
with a diameter of 2.0 m was reported to boil 6.15 kg of saltwater with a salinity rate of
20 (g/kg) in the evaporator in a period of 1.0 h when the distillation process started from
11:40 a.m. and maintained the boiling point until 3:30 p.m. This highlighted that an SDC
with larger aperture diameter [97] and smaller absorber area [82] is capable of reflecting
more of the sun’s rays to the evaporator (absorber) to reach the highest initial temperature
and the boiling point in a shorter period.
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2.2.2. SDCs Integrated with Solar Stills without the Sun-Tracking System (STS)

In India, several studies investigated the performance of passive solar stills heated
by SDCs and additional phase-change materials (PCM) in the still’s basin using the cover
cooling techniques, without employing the sun-tracking system [98,99]. In one of the
studies [98], two passive single-slope solar stills (SSSS) were designed and fabricated,
whereby each was mounted on a focal point of a fixed SDC (Figure 18) and stored the
heat at their basins using six PCM copper balls filled with paraffin wax (Figure 19a,b);
meanwhile, the cold water flow technique was employed at the top cover of one of the
solar stills to improve the condensation rate. A black painted hemispherical copper bowl
(with a diameter of 0.22 m and a thickness of 4 mm) was separately attached to each basin
bottom of the passive SSSS mounted on the focal point of the SDC, which acted as receivers
of the sun’s rays’ reflections to heat the basins water. Six hollow copper balls (each with a
thickness of 1.2 mm, as in Figure 19a,b) filled with paraffin wax were used in the absorber
of each solar still as the PCM. The balls acted as a heat source for the absorber water to
maintain its temperature during the afternoon—i.e., when the solar irradiances started to
decrease—and then continued to produce fresh water after sunset [98].

The performance of each solar still was strongly dependent on the intensities of solar
absorption by the hemispherical copper bowl absorber from the concentrator, and the PCM
balls located in the basin [98]. The temperatures of initial basin water temperatures in
the early hours of the experiments with the solar stills with PCM and SDC using the top
cover cooling techniques (with water flow rates of 40, 50, 60, 80, and 100 mL/min) were
observed at 40, 43, 47, 47, and 48 ◦C at 9:00 a.m. and 56, 56, 56, 57, and 56 ◦C at 10:00 a.m.
respectively; meanwhile, the temperatures recorded were 43 ◦C and 56 ◦C at 9:00 and
10:00 a.m., respectively, for the experiments without any water flow on the top cover [98].
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Figure 19. (a) Photograph of PCM copper balls used in a hemispherical SSSS; (b) sketch of a hemi-
spherical SSSS with PCM balls in bowl-shaped copper basin while receiving the sun’s rays from a
fixed SDC [98].

As depicted in Figure 18, most parts of the solar still in the study included the top
cover, basin bottom, and the sides which were exposed to the UV of solar radiation in
the experiment from morning to evening [98], ranging from 580 to 1050 W/m2. However,
flowing water on the top cover and water droplets on the inner side of the solar still’s
cover reduced the inputs of the solar radiation to the basin water. Furthermore, as can
be observed, there was a lack of coating of the mirrored layer on the SDC surface and
no system to track the directions of the SDC and solar still towards the sun and to use
the solar still to absorb the reflected sun’s rays at a larger scale. As stated by Arunkumar
et al., 2015, there were lower initial (ranging from 40 ◦C to 56 ◦C) and maximum (ranging
from 92 ◦C to 88 ◦C) basin water temperatures and lower total yield (ranging from 3.557 to
3.80 L/m2.day) in the solar stills throughout the experiment [98], compared to the use of
solar stills with SDC, sun tracker system, and mirrored surfaces in other studies [80–82].
Meanwhile, as noted in other studies [36,74,75], it seems infeasible to produce water under
low basin water temperatures with the use of solar stills coupled SDC and without the
sun-tracking system [98], particularly in terms of removing bacteria, waterborne pathogens,
and viruses due to the resulting low initial water temperatures (ranging 40 ◦C to 56 ◦C) in
the basins of solar stills.

Another experimental study in India designed and fabricated a triple-basin solar
distiller (TBSS) mounted on a focal point of an SDC [99]. Without engaging a sun-tracking
system, it was heated by heat storing materials comprised of four triangular hollow fins
filled with river sand (RS) and charcoal (CHAR) in the basins of the distiller which were
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exposed to the direct solar irradiances [99]. As depicted in Figure 20, a cover cooling
(CC) approach using water with different flow rates (20 to 40 mL/s with the intervals
of 5 mL/s) was also employed to decrease the still cover temperature and increase the
condensation rate [99].
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Figure 20. Photograph of a triple basin solar distillation still coupled with an immobile SDC [99].

As shown in Figure 21, the TBSS performed as an absorber whereby its three basins
consisted of three basins (lower, middle, and upper basins) acting as an evaporator in the
study [99]. Meanwhile, a trapezoidal-shaped glass casing (made of 4 mm thick window
glass) was used as the condenser cover and placed at the top of the SDC (with a focal length
of 50 cm) with no sun-tracking system to absorb the reflected sun’s rays and direct solar
intensities. The SDC had a diameter of 1.25 m and was made from a polished aluminum
sheet with a thickness of 1 mm. The TBSS evaporator had an overall size of 0.3 × 0.36 m
with a height of 0.33 m, while the three basins had a vertical gap of 0.12 m from each other
to allow the water vapor to be directed into the inner surface of the condensing cover, as
illustrated in Figure 21 [99]. The TBSS cover was constructed with the size of 0.4 × 0.46 m2,
heights of 0.4 m and 0.47 m at two different sides, and a 10◦ incline at the top. A plastic
pipe with a diameter of 0.032 m and length of 0.46 m was punctured at regular intervals
and then installed at the top of the outer surface of the condensing cover in order to cool
the cover and maintain a uniform flow of water that was pumped over the outer glass of
the condensing cover surface [99].
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The water temperatures in solar still basins of the TBSS, which was filled with charcoal
and coupled with SDC without the sun-tracking system, were found to be 36 ◦C and
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57 ◦C at the early experimental hours of experiment—i.e., at 9:00 a.m. and 10:00 a.m.,
respectively. As a result, about 0.30 kg/m2 water was produced in the first hour of the
experiment, as illustrated in Figure 22 [99]. These values are within the critical ranges for
the transmission of pathogens and viruses in the produced water, as reported by several
studies [36,74,75]. However, all parts of the TBSS were exposed directly to the reflected
UV radiation of the sun. Hence, the competency of the TBSS which was coupled with
SDC without a sun-tracking system as used in the study [99] seems to be impractical to
remove bacteria, waterborne pathogens, and viruses. This was due to the water production
at low basin water temperatures—i.e., ranged between 36 ◦C to 57 ◦C—as stated in other
studies [36,74,75].
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2.3. Cost Per Liter (USD) of Small-Scale Passive Solar Stills (Absorbers) Integrated with SDCs

In order to evaluate the economic benefits of passive solar stills (absorbers) integrated
with SDCs for the remote and rural communities, it is essential to consider the cost per liter
of the SDC distillation systems and their comparison against other passive and active solar
stills. Previous studies revealed that the cost per liter (USD) of the small-scale solar stills
(absorbers) coupled with SDCs and the sun-tracking system were USD 0.028 and 0.012 [80,81]
and without the sun-tracking system were USD 0.0085 and 0.084 [98,99], respectively. As
indicated in Table 3, these values were lower than the cost per liter of some conventional
passive, and also active, solar stills used in several other studies [40,46,100–105]. Subsequently,
the maximum water yields of the solar stills with both SDC and the sun-tracking system [80]
and without the tracking system [99] were found to be higher than the maximum water
production of passive and active solar stills tested in other studies [40,46,100–105] (Table 3).
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Table 3. Cost per liter (USD) and maximum daily yield of the passive solar absorbers coupled with
SDCs and the sun-tracking system in comparison with some other passive and active solar stills.

Types of Solar Still
Maximum

Daily Water
Production (L/m2)

Cost per
Liter (USD)

CSS with SDC with sun-tracking system and vapor
condensing technique, Egypt [80] 6.70 0.028

CSS with SDC with sun-tracking system (PPSS) and
vapor condensing method, Iran [81] 3.56 0.012

CSS with SDC with sun-tracking system and water
heater/PV modules, Egypt [106] 13.63 0.25

SDC integrated with an evaporator and solar tracking
system, Iran [97] 6.5 NA

Triple-basin solar still with SDC, charcoal in basins
and cover cooling method without sun-tracking

system, India [99]
16.94 0.084

SSSS with SDC, PCM balls, and cover cooling method
without sun-tracking system, India [98] 3.80 0.0085

Conventional passive solar still, Egypt [80] 3.00 0.048
Conventional passive solar still, PSS, Malaysia [40] 3.21 0.015

Passive solar still (PSS) coupled with a PV module-DC
heater, ACSS, Malaysia [40] 4.36 0.045

Single slope passive solar still, Pakistan [104] 3.25 0.063
Single slope hybrid (PV/T) active solar still, India [102] 1.91 0.14

Passive solar still coupled with a flat plate
collector, Jordan [100] 4.69 0.103

Fin-type passive solar still, India [46] 4.00 0.054
Passive solar still with wick and fin in the

basin, India [101] 4.06 0.065

Stepped passive solar still with fins and sponges in the
basin, India [103] 3.03 0.064

Passive solar still with a shallow solar
pond, Egypt [105] 4.65 0.08

3. Discussion

The limit of water temperatures ranging from 50 ◦C to 70 ◦C was reported as appro-
priate for the viability of some waterborne pathogens, bacteria, and viruses—particularly
SARS-CoV-2—in water bodies [74,75]. The vast public health concern was pertaining
to the existence of the aforementioned impurities during the pandemic, particularly
SARS-CoV-2, in distilled water produced by passive and active solar stills, recently high-
lighted in previous studies [31,36,39,40,42–44,46–51,53,63–73], in which the solar stills were
found to be able to generate the distillate in low initial operating water temperature. As
can be observed from the reviews, using SDCs coupled with small-scale passive solar stills
(i.e., absorbers or boilers) [80–82,97] and the sun-tracking systems could lead to drastic
and instant increases in the initial water temperatures in the boilers until above 70, 80, and
105 ◦C in the early experimental hours. This was due to the high rates of the reflected sun’s
rays and heat from the SDC’s mirrored surfaces onto the boiler outer surfaces, which is
recommended as one of the most effective ways for removing any available waterborne
pathogens, bacteria, and viruses—particularly SARS-CoV-2—from the absorber water in
order to prevent the transmission of those impurities into the distillate.

However, initial basin water temperatures in the absorbers—which are coupled with
SDCs, but without the sun-tracking systems as experimented in several studies [98,99]—were
lower than 50 ◦C in the beginning of the experiments. Such conditions are an important factor
for the viability and survival of water borne pathogens and viruses in the basins water and
distillates, as noted by other studies [36,56–60].

Furthermore, as seen from the experimental works on the SDCs integrated with
absorbers and sun tracking devices [80–82,97], all parts of the absorbers were exposed to
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the sunlight (mainly ultraviolet waves (UV)) and received direct radiation at the top surfaces
and the reflected sun’s radiation at the bottom and sides from the parabola surface of the
SDCs throughout the experiments. Exposing all parts of the solar stills to the sun’s rays is an
efficient technique to prevent the growth of bacteria and pathogens in the distillate [58–60].
However, this method was not completely practical in the use of any other types of passive
and active solar stills because the sun’s rays were only received from the top condensing
cover surfaces in the early experimental hours [21,29,31,39,40,42–44,46–51,53,63–73].

It was also stated in another theoretical and experimental study [80–82] that the ab-
sorbers with smaller surfaces areas and lower water capacity have experienced greater
water temperatures, as compared to those with larger surfaces areas [97–99], when the
SDCs and the boiler were used under the hourly sunlight periods. The water temperature
of the small-scale absorbers coupled with SDCs and the sun-tracking systems as reported
in several studies [80–82] increased drastically from about 70 ◦C to above 100 ◦C (i.e., the
boiling point). The maximum values were achieved at 105, 150.7, and 319 ◦C, respectively,
within a few minutes in the early morning after the daily experiments began, and then the
condition was maintained for several hours until the evening. This indicated that a disin-
fection process occurred during the continuous boiling processes in the absorbers due to
the explosion of the solution onto the solar radiation ultraviolet waves [83]. It was obtained
from the results of the above studies [80–82,93,97] that an SDC with largest aperture diame-
ter, greatest optical efficiency, and reflectivity with STS integrated with an absorber with
smallest area and lowest reflectivity had a vital role in increasing the initial temperature of
the brackish/saline water in the absorber around 70 ◦C, maintaining the water temperature
beyond the boiling point and enhancing the amount of distillate significantly.

On the other hand, other studies [87,88,98,99] reported that solar stills with immobile
solar reflectors were unable to significantly improve basin water temperature to reach the
boiling point.

Furthermore, as reported in several studies [80–82], small-scale absorbers coupled with
SDCs and dual-axis sun-tracking systems had better performance and were more effective
in obtaining higher productivities with lower cost per liter, compared to passive and active
solar stills investigated by others [40,46,100–105]. This was due to the resulting higher aver-
age water temperatures of the absorbers. Nevertheless, solar stills integrated with immobile
SDCs and heat storage materials in their basins [98,99] had higher water productivities and
lower costs per liter compared to the mobile SDCs—distillation systems [80–82]. Despite
this, low initial absorber temperatures of the absorbers are highlighted as a public health
concern in terms of preventing the transmission of pathogens and viruses into the distillate.

4. Conclusions

Based on the above reviews and discussions, SDCs with mirrored surfaces and sun-
tracking systems were seen as capable of increasing the initial water temperature of the
integrated small-scale absorbers until exceeding 70 ◦C. Furthermore, continuous increase
in the absorbers’ wall temperatures beyond the boiling point until the end of the oper-
ation is also recommended as another efficient technique to demolish the waterborne
pathogens and viruses, especially SARS-CoV-2, at the same time to prevent transmitting
these impurities to the produced water during the pandemic. Smaller scale absorbers
were found to be more effective in terms of the SDC’s surfaces’ ability to absorb more
heat from the reflected sun’s rays, compared to those with larger areas. SDCs with and
without the sun-tracking systems (STS) produced greater amounts of freshwater at a lower
cost compared to the other previous passive and active solar stills. An SDC with larger
aperture diameter, greater optical efficiency, and reflectivity with the STS integrated with
an absorber with smaller area and lower reflectivity was perceived to be more operative
in increasing the initial temperature of the brackish/saline water in the absorber around
70 ◦C, maintaining the water temperature at the boiling point during sunshine hours and
enhancing the amount of distillate significantly. SDCs with the STS were more effective
than the immobile and non-sun tracking SDCs in terms of obtaining higher operating
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absorber temperatures. Therefore, SDCs which are integrated with small-scale absorbers
and sun-tracking systems are recommended as a cost-effective and reliable alternative
of an impure water treatment system that can produce hygienic and pathogen-free fresh
water, particularly during the SARS-CoV-2 pandemic, for the benefit of the communities
in remote and rural areas—including those located in the Middle East, South-East Asia,
and Africa—which are suffering from water scarcity and have abundant annual bright
sunshine hours.
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Abstract: Rapid population growth and urbanization contribute to an ever-increasing global energy
demand, of which the building sector accounts for one-third. The increasing average height and
density of buildings escalate the need for vertical transportation, expanding elevator usage and
energy needs. This phenomenon accounts for a significant amount of the total building energy use,
necessitating a study of elevator system energy consumption. This study aimed to analyze the energy
consumption and carbon emissions of elevator systems in low- and high-rise buildings towards
energy-efficient estimations. A comprehensive analysis was performed based on a hybrid approach
of measurement and calculation using a formula and reference values derived from previous studies.
Four buildings were selected and thoroughly studied, representing the low- and high-rise categories.
Data were collected based on on-site sampling and observation, as well as information from the
building management offices. The mechanical parameters of the elevator system in each building and
operational factors in terms of speed, number of trips, load, travel distance, and time were studied. In
this analysis, the energy consumption calculation was performed according to International Standard
ISO 25745. Annual carbon emissions were calculated in accordance with the USA EPA and IPCC
guidelines. The elevator energy efficiency class was determined based on daily energy consumption.
It was found from this study that the annual energy consumption of an elevator system is positively
correlated to an elevator’s daily energy consumption. The annual carbon emissions of the elevator
systems are dependent on increasing annual energy consumption, which is also connected to building
height indirectly. The low-rise buildings showed better energy efficiency compared to the high-rise
buildings due to lower travel distance, less trips, and fewer floors. The annual number of trips, travel
distances, and energy consumption had an effect on the energy efficiency of the elevator systems in
this study.

Keywords: energy consumption; greenhouse gas emissions; energy efficiency; elevator; buildings

1. Introduction

World energy consumption is increasing on an annual basis in tandem with high
population expansion and urbanization. Many countries across the world contribute
to the upward trend. For instance, in 2020, the energy consumptions in Europe, the
Commonwealth of Independent States (CIS), North America, Latin America, Asia, the
Pacific, Africa, and the Middle East were 1689 Million tonnes of oil equivalent (Mtoe), 1015
Mtoe, 2327 Mtoe, 758 Mtoe, 5955 Mtoe, 152 Mtoe, 809 Mtoe, and 803 Mtoe, respectively [1].
Global energy demand is projected to increase 28 to 30% between 2015 and 2040, from
575 quadrillion British Thermal Unit (Btu) to 736 quadrillion Btu [2,3]. Among various
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energy sectors, buildings account for a significant percentage of the overall global energy
consumption, up to 20.1% to 40% [4–6]. In Malaysia, with a tropical climate, the energy
consumption of the building sector contributes up to 48% to 54% of the total electricity
usage in the country [5]. Buildings have substantial energy needs throughout their entire
life cycles, from the construction phase, operation phase, and maintenance phase, until the
demolition phase [7]. In many European countries, residential buildings contribute more
to building energy consumption compared to commercial buildings [8–11]. In Malaysia,
the energy consumption of commercial buildings outweighs residential buildings [5,12].
Specifically, the nonresidential buildings consume more energy per area (kWh/m2) than
the residential buildings [13]. Commercial buildings have an alarmingly high energy
consumption. This is contributed to by the increased number of heating, ventilation, and
air conditioning (HVAC) systems in commercial office buildings compared to residential
buildings in tropical climate countries [14]. Occupant behaviour was also identified as a
factor in these buildings’ energy consumption [15].

Additionally, when average building height and density increase, vertical transporta-
tion demand within the building rises, leading to a surge in elevator usage. As a result,
the energy consumption of the building continues to rise significantly with increasing
building height [16,17]. According to a previous report by Al-kodmany [18], more than
seven billion elevator trips are made every single day in the world. This adds to elevators’
high energy consumption, which may account for 2% to 40% of the total building energy
consumption. In most cases, the elevator systems in commercial office buildings meet more
stringent criteria (e.g., higher rated load, rated speed, and number of cars) than the elevator
systems in residential buildings, owing to increased elevator traffic and requirements [19].
Elevator systems with better specifications and more traffic in commercial office buildings
consume more energy than elevator systems in residential buildings. This increased traffic
in commercial office buildings is a result of tenants’ access to entrances and exits and their
interfloor travels [20].

The number of elevator cars and their configuration are determined by the number
of floors in a building, as well as the population density on each floor [21]. Elevator
energy consumption is highly dependent on elevator car and shaft characteristics, motor
type, control system, auxiliary system, elevator traffic, and population density in the
building [22,23]. Geared and gearless traction roped elevators are both less energy-intensive
than conventional elevators and are commonly used in mid-rise and high-rise buildings,
respectively. In contrast, hydraulic elevators are more energy-intensive and are typically
used in low-rise buildings.

1.1. Determination of Elevator Energy Consumption

There are five common methods used to determine the energy consumption of an ele-
vator system, which are: (i) calculation from first principles [24–26]; (ii) calculation using for-
mulas and reference values derived from previous studies [27,28]; (iii) measurement [29,30];
(iv) a hybrid method of measurement and calculation using formulas and reference values
derived from previous studies [31,32]; and (v) modelling and simulation [33–35].

At an early time, Kirchenmayer [25] and White [26] both studied the energy con-
sumption of traction and hydraulic elevators using a method of calculation based on first
principles [33]. Both studies reported that the traction-type elevator was a more energy-
efficient mode of transport. This method is low-cost and easily implemented. However, this
method does not distinguish between elevator load and speed, as well as building usage.
Thus, this method is suitable to be used for any investigations that aim to focus on elevator
energy efficiency technology instead of elevator energy consumption quantitative analysis.
The measurement method refers to direct measurement by installing an energy meter on
the elevator system, which provides the most accurate elevator energy consumption value.
This method enables continuous monitoring of transient elevator energy consumption
parameters, which are current and voltage, according to the desired sampling rate and
average time specified. To produce a high-quality outcome, precise and accurate tools

62



Sustainability 2022, 14, 4779

should be employed. This method is the most expensive, yet it provides the most precise
and immediate findings. It is vital for the validation of alternative methods of determining
elevator energy consumption.

The hybrid method comprises measurement and calculation using formulas and
reference values derived from previous studies, involving measurement and secondary
data for further analysis of calculation and extrapolation. This method entails measuring
field measurements of energy consumption at specific parameters, such as speed, load,
direction, and traffic load. The energy consumption is estimated for various parameter
values using relevant and appropriate equations. For instance, data from measurements of
loads of 500 kg and 600 kg can be used to predict the energy consumption of a load of 700 kg.
Energy assessment and classification schemes, such as Verein Deutscher Ingenieure (VDI)
4707-1:2009 and the International Organization for Standardization (ISO) 25745-2:2015, are
established examples of this method [36–38]. These scientific experiments give standard
reference values in a variety forms, including energy models, categorization tables, and
elevator energy profiles, to be used in different cases with listed conditions.

This method was used in a study by Hu et al. [39] to compare the effectiveness
of variable voltage variable frequency (VVVF) drives in the energy efficiency of typi-
cal elevator systems, which are hydraulic and traction, following the VDI 4707 method.
Bannister et al. [31] collected data on the system and technology within a specific building,
developing empirical correlations of these data to the energy consumption of the elevator
in that building in order to anticipate the elevator energy consumption in an office building
over 3000 m2. The predictive benchmark equation produced in this study can be used in
future studies categorized under the hybrid method comprising measurement and calcu-
lation using formulas and reference values derived from previous studies. On the other
hand, Tukia et al. [32] studied and compared two approaches to predict annual elevator
energy consumption from short-term measurement data. In their study, daily consumption
measurement data were used to derive the equations for annual elevator energy projection.
In the study, a simpler method that worked based on linear extrapolation of the annual
consumption based on measurement data was used. Another method used in the study
took into account seasonal influences on elevator usage, making it more accurate but neces-
sitating a greater level of data detail. The latter method’s results were shown to be accurate
when compared to the actual measurement of annual elevator energy consumption, as well
as to the estimated results based on VDI 4707-1:2009 and ISO 25745-2:2015.

According to existing studies in the literature, the estimation and calculation method
based on short-time measurement may be used to represent long-time measurement, as both
results are similar [40]. The cost is much lower than that of the method of pure measurement
but higher than that of the method of calculation. It is less expensive than modelling and
simulation, but it requires more time and has a lesser degree of comprehensiveness due to
its lower complexity. As such, it is well suited for the preliminary monitoring of a specific
elevator in order to develop subsequent improvement. Despite this, the assumptions may
deviate from the real case due to spatial and temporal differences. Moreover, it does not
cover more detailed and short-time energy consumption estimation that is needed for the
development of an efficient elevator control system.

1.2. Current Situation, Research Gaps, and the Aim of the Current Study

The literature reports that energy consumption in buildings accounts for around one-third
of overall consumption and contributes an equal share of carbon dioxide emissions [41,42]. To
obtain a better grasp of the existing body of information in this field, studies on elevator en-
ergy consumption and its association with carbon emissions are beneficial towards effective
energy management in buildings. This enables better monitoring of the energy performance
of an elevator system and the energy-saving awareness of users, resulting in more targeted
solutions for excessive elevator energy consumption. Despite this, there are few studies on
elevator system energy consumption, particularly in tropical climate countries, compared to
total building energy consumption and other high-energy-consuming systems in buildings,
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such as mechanical ventilation air-conditioning (MVAC) and lighting, as well as building
structure and design [43–49]. For example, in Malaysia’s hot and humid environment, the
majority of researchers have concentrated on the energy consumption and efficiency of a
structure or entire building, the cooling system, and the electrical appliances for thermal
comfort [5,45,50–55]. There is a lack of studies examining elevator system energy usage
and efficiency in relation to carbon emissions. Furthermore, there are a very limited stud-
ies available on this topic that employ the hybrid method comprising measurement and
calculation using formulas and reference values derived from previous works.

Therefore, considering this research gap, this study was carried out to analyze the
energy consumption of elevator systems in low- and high-rise buildings in tropical climates
towards energy-efficienct estimation. The study uses a detailed hybrid approach utilizing
a combination of measurements and calculation methods. The new contributions of this
paper are a contribution towards energy analysis that also takes into account the elevator
system type, characteristics, and operating parameters, such as elevator speed, number
of trips, loads, travel distance, and time, as well as elevator energy aspects in terms of
usage category and elevator powers, in the addition to carbon emissions estimation. The
mechanical specifications and operational variables of each building’s elevator system
were evaluated. In view of demographic trends and the increasing need for convenience,
the number of elevator systems is expected to increase. More urbanization in developing
countries and a growing awareness of issues of accessibility due to a growing population,
particularly in a tropical climate, stimulates the need for more advanced and efficient
systems. Thus, this study contributes to the current pool of data to improve the energy
efficiency of elevator systems in the building sector, especially in tropical climates.

2. Methods

This study covers field data collection and calculations based on a formula and refer-
ence values from previous studies, as well as analysis based on the established standards
and past studies. The methods of this study are explained in the following subsections.

2.1. Characteristics of the Selected Buildings and the Elevator System

Most of the features of low-rise, mid-rise, and high-rise buildings are the same in
different countries, except for a lesser number and a smaller size of windows in tropical
climates compared to temperate climates [56]. The most common type of elevator system
used in the existing and current buildings in tropical climates is the traction-type eleva-
tor [57,58]. Four low- and high-rise buildings with common building characteristics and
elevator system specifications were selected in this study to represent the typical low- and
high-rise buildings in the Malaysian tropical climate. The characteristics of the four selected
buildings were collected from the building management offices.

The building dimensions (in rough form), building floor plan (detailed, exact shape),
and function and operating lift of different floors for high-rise residential apartment (HA),
low-rise residential apartment (LA), high-rise commercial office (HO), and low-rise commer-
cial office (LO) buildings are shown in Figures 1–4(a–c), respectively. Also, the respective
characteristics of the buildings and elevator cars are summarized in Appendices A–D.
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Figure 1. HA (a) building dimensions, (b) building floor plan, and (c) function and operating lift of
different floors.

Figure 2. LA (a) building dimensions, (b) building floor plan, and (c) function and operating lift of
different floors.
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Figure 3. HO (a) building dimensions, (b) building floor plan, and (c) function and operating lift of
different floors. Shaded floors are vacant during the study.

Figure 4. LO (a) building dimensions, (b) building floor plan, and (c) function and operating lift of
different floors.

2.2. Field Data Collection

Based on this study’s conditions, a hybrid approach of measurement and calculation
was used to estimate the energy consumption of the elevator systems in the selected
buildings. The annual energy consumption of the elevator systems was estimated based
on the elevator traffic and operation power following guidelines from ISO 25745 [38]. The
elevator traffic was determined based on observation at the elevator site for two weeks
to include the variations among weekdays and weekends [35]. The elevator traffic was
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measured in terms of the number of trips travelled by an elevator, in which a single set
of start and stop represented one trip. The average daily number of trips over two weeks
was recorded and used for the calculation of each building [36,38]. On the other hand,
the operation power was calculated from the data of running power, standby power,
and idle power provided by the building management departments and (or) the elevator
manufacturer company. The results served to evaluate energy efficiency [20,59].

2.3. Elevator Energy Consumption Analysis

The main formulas used in the calculation of the energy consumptions are stated in
Equations (3)–(6). Further details of the calculations are shown in [32,36,38,60,61]:

Ed = Er + Enr (1)

Er =
(nd×0.5 tav×R)

3600
(2)

Enr =
tnr

100
(PidRid + Pst5Rst5 + Pst30Rst30) (3)

Ea = Ed + D (4)

where, Ed, Ea, Er, and Enr are the daily energy consumption of the elevator system, the
annual energy consumption of the elevator system, the daily running energy of the elevator
system, and the daily nonrunning energy of the elevator system in kWh, respectively.
Moreover, nd is the number of trips per day, D is the number of days operated, taν is the
average trip time the elevator travelled (s), R is the rated power of the elevator (kW), and
tnr is the nonrunning time of the elevator system (s). In all the above equations, Pid and
Rid are the idle power (W) and the time ratio of the idle phase to the nonrunning phase,
respectively. Pstx and Rstx (x = 5, 30) are the first “x” minutes of standby power (W), and
the time ratio of the first “x” minutes standby phase to the nonrunning phase, respectively.

2.4. Elevator Energy Efficiency Analysis

The efficiency class of daily energy consumption was determined using the equations
shown in Table 1 taken from the ISO 25745-2:2015 guidelines [38]. Class A shows the
highest energy efficiency, while class G shows the lowest energy efficiency. In the equations
in Table 1, the parameters accounted for in the energy efficiency evaluation are as follows:
Q is the rated load of the elevator car (kg), nd is the daily number of trips, Sav is the average
distance travelled (m), and tnr is the nonrunning time of the elevator system (s).

Table 1. Energy efficiency class of elevator systems based on ISO 25745 standards [38]. Reproduced
with permission from ISO, ISO 25745-2:2015 guidelines; published by ISO, 2015.

Energy Efficiency Class Energy Consumption Per Day (Wh)

A 0.72 × Q × nd × Sav/1000 + (50 × tnr)
B 1.08 × Q × nd × Sav/1000 + (100 × tnr)
C 1.62 × Q × nd × Sav/1000 + (200 × tnr)
D 2.43 × Q × nd × Sav/1000 + (400 × tnr)
E 3.65 × Q × nd × Sav/1000 + (800 × tnr)
F 5.47 × Q × nd × Sav/1000 + (1600 × tnr)
G 5.47 × Q × nd × Sav/1000 + (1600 × tnr)

Sav is the average displacement per day.

2.5. Elevator Carbon Emissions Analysis

According to the United States Environmental Protection Agency (US EPA) and the
Intergovernmental Panel on Climate Change (IPCC) guidelines, carbon emissions were
calculated by multiplying the energy consumption with the carbon emission factor [62–64].
Since carbon dioxide is the most significant greenhouse gas (GHG), this study focused
only on the carbon dioxide emissions from anthropogenic activities in building sectors [65].
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The grid carbon dioxide emissions factor of Malaysia was obtained from the Sustainable
Energy Development Authority (SEDA) of Malaysia in accordance with the revised 1996
IPCC Guidelines for National Greenhouse Gas Inventories and 2006 IPCC Guidelines
for National Greenhouse Gas Inventories [66–69]. In this study, the carbon emissions of
the elevator in each building were calculated using Equation (7), where Ea is the annual
energy consumption of the elevator, and 0.639 tCO2/MWh is the latest grid carbon dioxide
emissions factor of Malaysia (updated in 2016) [67].

Carbon emissions (tCO2) = Ea(MWh) × 0.639
(

tCO2

MWh

)
(5)

3. Results and Discussion
3.1. Energy Consumption and Energy Efficiency of the Elevator Systems

Table 2 shows the usage, usage category, running power, idle power, standby power
5 min, standby power 30 min, and nonrunning power, as well as daily and annual energy
consumption of the elevator systems in the selected buildings based on the present study.
In accordance with ISO 25745-2:2015, the elevator usage category was categorized based
on the counted number of trips of the elevator and was indicated by an integer from 1 to
6 with increasing usage intensity or frequency.

Table 2. Daily usage, usage category, and energy consumption of the elevator systems in the
selected buildings.

Elevator Energy Aspects
High-Rise Building Low-Rise Building

Residential
Apartment (HA)

Commercial
Office (HO)

Residential
Apartment (LA)

Commercial
Office (LO)

No. of trips per day (trip) 340 504 176 589
Usage category 3 4 2 4

Running power, Pr (W) 13,000 13,000 4900 8500
Idle power, Pid (W) 1334.9 1334.9 1326.45 208

Standby power 5 min, Pst5 (W) 252.6 252.6 190.25 120.1
Standby power 30 min, Pst30 (W) 161.6 161.6 128.3 81.7

Nonrunning power, Pnr (W) 1749.1 1749.1 1645 409.8
Daily energy consumption (kWh) 49.81 52.52 5.35 29.68

Annual energy consumption (kWh) 14485 13,617.6 1656.48 6422.88

Based on Figure 5, the present study reported that the annual energy consumption of
the elevator systems increased with the daily energy consumption of the elevator systems,
as expected. This can be justified by the calculation methods of elevator annual energy
consumption in the ISO and VDI standards. In the mentioned methods, the daily elevator
traffic is assumed to be consistent throughout the year and is used to calculate the annual
energy consumption by multiplication with the operating days of the elevator system
throughout the year [37,38]. This is because office and residential buildings are occupied
by mostly long-term tenants and operate as usual throughout the entire year.

The main contributing factors to elevator energy consumption are elevator usage and
building height, which affects the total shaft height, and there are positive correlations
between each of these variables, which are illustrated in Figure 6. In past and present
studies, for similar-height buildings, the annual energy consumption of the elevator system
has increased with the annual number of trips for the elevator system [70,71]. However, in
the comparison between high-rise and low-rise buildings, the low-rise buildings showed a
higher annual number of trips but lower annual energy consumption because the lower
building height had a lower total shaft height (full travel distance), leading to a lower total
distance travelled throughout the year. This phenomenon is shown in Figure 6, where the
low-rise residential apartment and low-rise commercial offices had a high annual number of
trips but lower annual energy consumption compared to the high-rise residential apartment
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and high-rise commercial offices. The high-rise buildings had a higher full travel distance
for the elevators and heavier traffic due to a lower number of shared trips and high tenant
density. Higher building height with a higher number of floors caused the tenants to
be distributed more widely among the different floors, causing a fewer number of trips
to be shared by more than one tenant [71]. Moreover, the higher tenant density in the
high-rise residential apartment caused a higher difference in the working and school hours
of different tenants in the high-rise residential apartment. The high-rise commercial office,
which is a multi-tenant office, had lighter traffic compared to the low-rise commercial office,
which is a single-tenant office with higher interfloor trips [72]. The low-rise office showed
the highest number of trips among all four buildings in the study. This was due to the
limitations of the building structure and elevator system of the low-rise office building,
which is further elaborated in Section 3.3.

Figure 5. Daily energy consumption versus annual energy consumption of the elevator systems in
the buildings in the present study.

Figure 6. Annual number of trips versus annual energy consumption of the elevator system in
buildings with different shaft heights based on the present study.
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The data from existing studies are collected and shown in Tables 3 and 4. As expected,
the elevator energy consumption of the high-rise buildings was higher than that of the
low-rise buildings due to their higher full travel distance. Also, building use affected
elevator usage and energy consumption. Commercial office buildings recorded a higher
elevator energy consumption than residential apartment buildings. This was because
the elevator usage of commercial buildings, such as offices, is generally higher than that
of residential buildings, such as apartments, due to the higher incoming and outgoing
population and activities. Considering the similar number of elevator cars of the elevator
systems, the results from this study obey the theoretical results and the trends in past
studies’ results. Despite this, there are some noteworthy trends shown in Figure 6, in which
the annual elevator energy consumption of the high-rise residential apartment building
showed a slightly higher value than that of the high-rise commercial office buildings. This
was because the high-rise commercial office building has a zoned elevator system with
a higher number of cars servicing only specific floors, comprising six cars, compared to
the high-rise residential apartment building with only three cars servicing all floors. A
higher number of cars distributes the demand for trips travelled, decreasing the energy
consumption of each car. Different elevators zones have different home landing or parking
floors (resting terminals), enabling more efficient travel among the specific floors. For the
cases with the same number of cars in the elevator systems, the low-rise commercial office
building had a higher annual elevator energy consumption than the low-rise residential
apartment building.

An analysis was conducted based on the elevator annual energy consumptions of
past studies and the present study. The past study data are shown in the boxplot with
blue markers illustrating the present study (Figure 7). All buildings, except the low-rise
office building, had annual energy consumptions of an elevator system within the ranges of
typical elevator annual energy consumption. This was due to the limitations of the building
structure and elevator system of the low-rise office building, which is further elaborated
in Section 3.3.

Figure 7. Annual energy consumptions of the elevator systems in high-rise and low-rise residential
and office buildings based on the present study and past studies.
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The efficiency class of the daily energy consumption of an elevator had a positive
correlation with the running and nonrunning energy consumption, but it also depended
on the load factor, number of trips, and average displacement, as well as on running and
nonrunning time [37,60]. Thus, an elevator system with good running and nonrunning
energy performances did not necessarily have a good energy efficiency class. Based on the
results of the present study, Table 5, the low-rise buildings showed relatively good energy
efficiency (A and B) compared to the high-rise buildings (D and B). This can be justified
by the lower distance to travel, as well as a smaller number of floors, that caused more
passengers to share the same destination floor and pick-up floor, reducing the trip demand
of the elevator system. Despite this, the high-rise commercial office recorded the same
energy efficiency as the low-rise commercial office. This was due to the zoned elevator
system of the high-rise office building and the limitations of the building structure and
elevator system of the low-rise office building, as mentioned above. However, running and
nonrunning energy consumption were the main factors of energy efficiency.

Table 5. Energy efficiency class of the elevator systems based on the present study.

Buildings
High-Rise Building Low-Rise Building

Residential
Apartment (HA)

Commercial
Office (HO)

Residential
Apartment (LA)

Commercial
Office (LO)

Efficiency class D B A B

3.2. Carbon Emissions of the Elevator System

The annual carbon emissions were calculated from multiplication of the annual energy
consumption of elevator with the constant grid carbon emission factor of Malaysia. Thus,
the annual carbon emissions of the elevator system depended on only the annual energy
consumption and increased with annual energy consumption (Figure 8). This was because
carbon emissions are produced mainly from electricity generation, which is used to power
the elevator operation. These results are supported by previous studies [86,87]. There is a
positively correlated trend between growing urbanization and carbon emissions that are
generated by the building sector. Carbon emissions depend on building height, which
affects elevator usage. It was deduced that there is a positive correlation between energy
consumption, building height, and carbon emissions.

Figure 8. Annual energy consumption against the annual carbon emissions of the elevator systems.
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In Figure 8, for the cases of the HA, HO, and LO buildings, the black markers indicating
annual carbon emissions are further from the bar chart, indicating the annual energy
consumption compared to that in the LA building. This can be justified by Equation (7),
where elevator energy consumption is the only changing variable, and the emission factor is
a fixed variable. Therefore, the only factor to be taken into account was the elevator energy
consumption. The small value of elevator energy consumption in the LA building led to
the small difference of the value between annual energy consumption and annual carbon
emissions, and vice versa, for the HA, HO, and LO buildings. Therefore, the two graphs
are more closely plotted for the LA building compared to the HA, HO, and LO buildings.

3.3. Limitations of the Studied Elevator Systems in the Buildings and Recommendations

Based on the present case study, lower efficiency was observed in the cases of high-rise
residential apartments and the low-rise commercial office. An analysis of observation was
performed by inspecting the elevator system and the building structure and operation. For
the high-rise residential apartment, the elevator system did not have a zoned system. All
three of the elevator cars travelled for the full shaft distance (covered all thirty-two service
floors), making it less energy-efficient and operation-efficient. For the low-rise commercial
office, resting terminals were on the ground floor, but its offices were mainly located from
the second floor to the sixth floor, and its main entrance and car park were on the second
floor. This caused the elevator to travel more from the ground floor resting terminal to the
second floor to conduct passengers from the second floor to their destination floor and
back to the ground floor resting terminal again. This issue greatly reduced the energy and
operation efficiency of the elevator system. The second floor (where the main entrance and
car park were located) should be set as the elevator resting terminal in order to avoid the
unnecessary travel of the empty elevator car from the terminal to the main entrance and
car park floor. Another alternative is the main entrance and car park should be built on the
ground floor, which is the resting terminal of the elevator car.

4. Conclusions

The annual energy consumption, energy efficiency, and carbon emissions of the el-
evator systems in the selected low-rise and high-rise buildings in the Malaysian tropical
climate were successfully evaluated. From the results, it was concluded that:

• The annual energy consumption of an elevator system had a positive correlation
with the average daily energy consumption of the elevator system calculated on a
weekly basis, since elevator traffic was relatively consistent weekly throughout the
year. Low-rise buildings had a higher ratio of annual number of trips to annual
energy consumption. The annual elevator energy consumption of the high-rise resi-
dential apartment building showed a slightly higher value than that of the high-rise
commercial office buildings with an elevator zoning system;

• A higher number of cars distributing the demand for trips travelled decreased the
energy consumption of each car. With the same number of cars in the elevator system,
the low-rise commercial office building had a higher annual elevator energy consump-
tion than the low-rise residential apartment building due to the higher incoming and
outgoing tenants and passengers, as well as building structure limitations;

• Low-rise buildings showed relatively good energy efficiency compared to high-
rise buildings;

• The usage, energy consumption, and carbon emissions had a positive correlation to
each other.

The main challenge in this study was the assessment of elevator traffic for the elevator
systems in the buildings during peak hours. This caused the risk of under- or over-
counting the number of trips. As a result, future studies should look into a more advanced
technology to enable a tracking system to replace manual counting, as well as auto-estimates
of energy consumption, energy efficiency, and carbon emissions of the elevator systems.
Consequently, the building management can have a better management plan to achieve
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the maximum energy efficiency and minimum emissions. Last but not least, this study
contributed to the reference data of elevator energy consumption and carbon emissions
to promote more similar, yet improved, versions of studies on different buildings in the
future to facilitate energy efficiency and GHG mitigation efforts.
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Appendix A

Table A1. Characteristics of a studied building (high-rise residential apartment).

Use Residential
Type High-rise

Height (m) Approximately 90
Shaft height (m) 80

Floor-to-floor height (m) 2.50
Number of blocks 4
Number of floors 32

Estimated number of units 247 per block, 8 per floor

Estimated built-up area (m2)
Approximately 65 per unit,

and 608.69 per block
Estimated total number of occupants (person) 1976

Number of elevator cars 3 per block

Table A2. Characteristics of a studied elevator car (high-rise residential apartment).

Type; brand Gearless traction; Northern
Car dimension (m) 1.6 × 2.4 × 1.68

Rated load (kg); capacity 1150; 17 passengers
Rated speed (m/s) 1.50

Rated power (running power) * (kW) 13
Full travel distance (m) 80
Counterbalancing * (%) 50

Door operation time
(open, remained open, close) (s) 12

Acceleration * (m/s2) 1.00 (gearless traction type)
Jerk * (m/s3) 1.20

* Assumptions based on the typical values of parameters for each type of standard passenger elevator.
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Appendix B

Table A3. Characteristics of a studied building (low-rise residential apartment).

Use Residential

Type Low-rise

Building height (m) 16.50

Shaft height (m) 15

Floor-to-floor height (m) 2.50

Number of blocks 1

Number of floors 6

Estimated number of units 627

Estimated built-up area (m2) 1615.1

Estimated total number of occupants (person) 627

Number of elevator cars 2

Table A4. Characteristics of a studied elevator car (low-rise residential apartment).

Type; brand Geared traction; Otis
Car dimension (m) 1.37 × 2.10 × 1.40

Rated load (kg); capacity 750; 11
Rated speed (m/s) 0.65

Rated power (running power) * (kW) 4.90
Full travel distance (m) 15
Counterbalancing * (%) 50

Door operation time
(open, remained open, close) (s) 9.13

Acceleration * (m/s2) 0.80 (geared traction type)
Jerk * (m/s3) 1.20

* Similar assumptions to Appendix A.

Appendix C

Table A5. Characteristics of a studied building (high-rise commercial office).

Use Commercial
Type High-rise

Height (m) 108

Shaft height (m) 66 out of 105
(accounting for only 19 occupied floors out of 28)

Floor-to-floor height (m) 3.50
Number of blocks 1

Number of floors 19 out of 30
(accounting for only 19 occupied floors out of 28)

Estimated number of units 94 out of 138
(accounting for only 19 occupied floors out of 28)

Estimated built-up area (m2)
Office lot: from 65 to 278.71

Total building: 624,281
Estimated total number of occupants

(person) 2070

Number of elevator cars 4 (for floor 5 to 28), 2 (for floor 1 to 4),
2 (for floor 24 to 28)
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Table A6. Characteristics of a studied elevator car (high-rise commercial office).

Type; brand Gearless traction; Northern
Car dimension (m) 1.78 × 2.20 × 1.60

Rated load (kg); capacity 900; 13 passengers
Rated speed (m/s) 1.60

Rated power (running power) * (kW) 13
Full travel distance (m) 66
Counterbalancing * (%) 50

Door operation time
(open, remained open, close) (s) 4.17

Acceleration * (m/s2) 1.00 (gearless traction type)
Jerk * (m/s3) 1.2

* Similar assumptions to Appendix A.

Appendix D

Table A7. Characteristics of a studied building (low-rise commercial office).

Use Office
Type Low-rise

Building height (m) 21
Shaft height (m) 19.70

Floor-to-floor height (m) 2.74
Number of blocks 1
Number of floors 6

Estimated number of units 229
Estimated built-up area (m2) 1148

Estimated total number of occupants (person) 458
Number of elevator cars 2

Table A8. Characteristics of a studied elevator car (low-rise commercial office).

Type; brand Geared traction; Schindler
Car dimension (m) 1.55 × 2.24 × 1.55

Rated load (kg); capacity 1000; 15
Rated speed (m/s) 0.70

Rated power (running power) * (kW) 8.50
Full travel distance (m) 19.70
Counterbalancing * (%) 50

Door operation time
(open, remained open, close) (s) 7.39

Acceleration * (m/s2) 0.80 (geared traction type)
Jerk * (m/s3) 1.20

* Similar assumptions to Appendix A.
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Abstract: Removal of Reactive Black 5 (RB5) dye from an aqueous solution was studied by its adsorp-
tion on banana peel biochars (BPBs). The factors affecting RB5 dye adsorption such as pH, exposure
time, RB5 dye concentration, adsorbent dose, particle size and temperature were investigated. Maxi-
mum 97% RB5 dye removal was obtained at pH 3 with 75 mg/L adsorbate concentration by banana
peel biochars. Fourier transform infrared (FTIR) and scanning electron microscopy (SEM) were used
to characterize the adsorbent material. The data of equilibrium were analyzed by Langmuir and
Freundlich isotherm models. The experimental results were best reflected by Langmuir isotherm
with maximum 7.58 mg/g adsorption capacity. Kinetic parameters were explored and pseudo-second
order was found suitable which reflected that rate of adsorption was controlled by physisorption.
Thermodynamic variables exhibited that the sorption process was feasible, spontaneous, and exother-
mic in nature. Banana peel biochar showed excellent regeneration efficiency up to five cycles of
successive adsorption-desorption. Banana peel biochar maintained >38% sorption potential of RB5
dye even after five cycles of adsorption-desorption. The phytotoxic study exhibited the benign nature
of BPB-treated RB5 dye on tomato seeds.

Keywords: banana peel biochar; reactive black 5; isotherm; kinetic; phytotoxicity; tomato

1. Introduction

The exponential growth in global population, industrialization, urbanization, and
unskilled utilization of natural water resources has enhanced the requirements of fresh-
water. Due to the limited availability of freshwater resources, currently 1 billion people
have no safe drinking water but this number may rise as world population is predicted
to increase up to 10 billion by the year 2050 [1]. Dyes are widely used for the coloration of
materials in textile, plastic, cosmetics, pharmaceutical, and paper industries [2–5]. Increas-
ing demand for dyes in different industries has exacerbated the release of dye wastewater
into the environment [6,7]. The textile industry, one of the big industries globally, utilizes
synthetic dyes and approximately 8 × 105 tons of dye are produced per year [8,9]. Most of
the textile industries are located in developing nations where they enhance employment
opportunities and boost the economy of a country by foreign exchange earnings [10]. The
textile industry consumes approximately 56% of total dye generated every year at a global
level and releases >280,000 tons of dyes as industrial effluent which poses serious threat to
the ecosystem [11,12]. The presence of a small amount of dye in water (<1 ppm) is quite
visible and unacceptable [13,14]. Most of the industries do not follow effluent discharge
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norms properly and they release large quantities of untreated or partially treated dye ef-
fluents in water resources, resulting pollution of the environment with a decrease in the
availability of clean water [15,16]. The presence of dyes not only degrades the aesthetic
value of water but also alters pH, BOD, and COD, enhances toxicity and turbidity, and
reduces the sunlight penetration into water which leads to the deterioration of aquatic
ecosystems [17,18]. Dyes show mutagenic and carcinogenic effects on animals and hu-
mans [11]. Dye adversely affects brain, kidney, liver, heart, respiratory, immune, and
reproductive systems in humans [19]. Reactive dyes are utilized in fabric industries because
of fast coloration, availability of reactive groups to form covalent bonds with different
types of fibers, wide ranges of colors for printing and their permanent effect under a wide
range of temperature [20]. According to Jozwiak et al. [21] around thirty percent of total
coloring materials in the world are composed of reactive dyes. Reactive Black 5 (RB5),
tetrasulphonated disazo dye, is used in fabric industries for coloring nylon and cotton
stuff, etc. [22]. Reactive Black 5 and its intermediates are highly toxic in nature; however,
no information is available in literature on the adverse effects of RB5 dye on animals,
most of the reports revealed its deleterious impacts on human health. Some reports are
available on Reactive red 120 which exerts genotoxic impact on Catla catla and damage
DNA in the cells [23]. Reactive Black 5 exhibited adverse impacts on aquatic animals such
as zebrafish embryo and digestive and central nervous system of humans [24,25]. The
exposure to the RB5 dye causes allergy, skin irritation, nausea, bronchitis, confusion, high
bold pressure, headache, cancer, etc., [26]. Removal of dye from industrial runoff is an
arduous task due to stability of dyes against light, oxidation, temperature, and complex
aromatic structure [27]. Different conventional methods such as coagulation, flocculation,
electrochemical degradation, oxidation, membrane separation, ultra-filtration, microbial
degradation, reverse osmosis, ion exchange, ozonation, and adsorption have been exploited
to treat dye containing effluent [28–33]. Commercial adsorbents such as activated carbon,
chitosan, graphene, and zeolite have been applied for removal of harmful contaminants
from wastewater [34–36]. The Abovementioned wastewater treatment technologies are
expensive, complex in operation, take a long operation time and are ineffective for dye
removal on a large scale with sludge production at the end of the process.

Adsorption is considered as a significant treatment method because of its simple, af-
fordable, and cost-effective nature and capacity to use locally available waste biomass [33].
Agricultural wastes such as wheat straw, cabbage and coconut waste, peanut husk, pump-
kin seed hulls, mango seed husks, cashew nutshell, bamboo, spent tea leaves, walnut shells
and orange peel have been used in preparation of carbon materials that can absorb dye from
wastewater [37–40]. Biochar produced from agro-wastes are a rich source of bioavailable
nitrogen, phosphorus, potassium, and magnesium [41]. Due to the high specific surface
area and availability of functional groups on their surface, biochar can be used for the
adsorption of contaminants. Banana (Family: Musaceae) plant grows around the year in
the places with tropical climate. Banana peels are rich in carbon amount due to cellulose,
hemicellulose, chlorophyll, and pectin presence and can be considered an excellent source
of activated carbon [24]. The presence of functional groups such as hydroxyl, carboxyl,
carbonyl, and amide groups on banana peel surface act as a binder in the adsorption
process [24]. Banana peel has the potential to remove heavy metals, and pharmaceutical
and phenolic compounds as reported by earlier workers [42,43]. Application of banana
peel as an adsorbent removes contaminants from wastewater as well as solves the disposal
problem of biowaste. In the earlier published work of Munagapati et al. [24], they used
chemically modified banana peel powder for removal of RB5 dye. Their process was not eco-
friendly as they utilized chemicals such as HCHO and HCOOH for modification/activation
of banana peel biochar. They did not report the effect of chemically modified banana peel
powder-treated RB5 dye solution on the growth of plants. In our study, we did not utilize
any chemicals, so our process is environmentally benign. We also checked the impact
of banana peel biochar-treated RB5 dye solution on germination and growth of tomato
seeds. The irrigation of agricultural fields with dye contaminated water or industrial ef-
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fluent inhibits crop growth and reduces land productivity [44,45]. In the present study,
we wanted to evaluate the applicability of BPB-treated RB5 dye contaminated water for
irrigation purposes. Wastewater after biochar treatment can be reused for various purposes
and it can reduce the demand of fresh water. To the best of our knowledge, the phytotoxic
effect of Reactive Black 5 dye and banana peel Biochar (BPB)-treated RB 5 dye solution on
the development of tomato plants was not reported previously. Hence, the objective of the
present investigation was to develop efficient and cost-effective adsorbent from banana
peel for Reactive Black 5 dye removal from contaminated water and to analyze its impact
on various growth parameters of tomato plants.

2. Materials and Methods
2.1. Preparation of Banana Peel Biochar and Proximate Analysis

Bananas were purchased from the local market of Noida, Uttar Pradesh, India. Banana
peel was washed in tap water for 4–5 min, washed thrice with double deionized water to
remove dust from its surface [46,47] as the presence of dust may provide different results of
proximate analysis. Banana peel was cut into small pieces and dried at room temperature
for 5 days to reduce moisture. The pyrolysis reactor was used for generation of biochars
with nitrogen gas inside a pyrolyzer and the temperature was regulated by an electric heater.
Dried banana peel was crushed and pyrolyzed at 500 ◦C for 3 h. Banana peel biochar was
washed with lukewarm double deionized water and kept at 75 ◦C for 2 h in an electric oven
to check micro-organisms growth [48]. The proximate analysis of BPB was conducted to
confirm its stability for thermochemical transformation procedure. The proximate analysis
was performed to verify ash, moisture, volatile material, and carbon contents.

2.2. Preparation of Dye Stock Solution

Reactive Black 5 dye was obtained from Sigma Aldrich (Mumbai, India). RB5 dye
(1000 mg/L) stock solution was prepared with sterilized double deionized water which
was used to prepare different concentrations as per requirements. The absorbance of
dye was measured by UV-vis spectrophotometer (Shimadzu 1800, Kyoto, Japan) and the
maximum absorbance (λmax) for RB5 dye was recorded at 597 nm (Table 1).

Table 1. Properties of RB5 dye.

Dye RB5

Chemical name Remazol Black B

Solubility
High solubility in water,

easily forms covalent bonds with cellulosic fibers, resistant to sunlight
and aerobic decomposition

Melting point >300 ◦C

CAS number 17095-24-8

Dye type Anionic dye

Appearance Black colored powder

IUPAC Name 4-amino-5-hydroxy-3,6-bis[[4-(2-
sulfonatooxyethylsulfonyl)phenyl]diazenyl]naphthalene-2,7-disulfonate

Empirical Formula C26H21N5Na4O19S6

Molecular Weight 991.82 g/mol
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2.3. Characterization of Banana Peel Biochar

Functional groups available on banana peel biochar (BPB) prior and afterwards RB5
dye sorption were analyzed by FTIR (Fourier-transform infrared spectroscopy) (Perkin
Elmer 2000, Waltham, MA, USA) in wavenumber (400–4000 cm−1) by utilizing KBr pellet
method. Outer surfaces of BPB prior and afterwards RB5 dye sorption were observed by
scanning electron microscopy (SEM) (Quanta FEG 650, Thermofisher, Beverly, CA, USA).

2.4. Batch Adsorption Experiments

The batch study was carried out to detect applicability of BPB as an adsorbent for
removal of RB5 dye. The impact of various variables such as pH (3–11), adsorbent dose
(0.2–1.0 g), size of particles (0–500 µm), concentration of dye (25–150 mg/L), temperature
(25–65 ◦C), and contact time (30–180 min) were assessed at stirring speed 120 rpm for RB5
dye removal from aqueous solution by BPB. The experiment was conducted in six sets and
in each set eighteen Erlenmeyer flasks were taken as triplicate, each flask with 100 mL of
RB5 dye concentrations (25, 50, 75, 100, 125, and 150 mg/L) and 0.2, 0.4, 0.6, 0.8, 1, and
1.2 g BPB, respectively. The experiments were performed in triplicate. In the control set, no
banana peel biochar was used in the RB5 dye containing flasks but in treatment, different
concentrations of BPB were added in RB5 dye solution to study its dye sorption capacity.
The UV-vis spectrophotometer (λmax = 597 nm) was utilized to detect concentration of
RB5 before and after BPB treatment and the absorption efficiency was measured by the
following formula:

Removal o f RB5 dye = C0 − Ct
/

C0
× 100 (1)

C0 and Ct are initial and final RB5 dye concentrations in mg/L.
The isotherm models were applied for determination of sorption equilibrium. A total

of 100 mL of RB5 dye (25–150 mg/L) solution were taken with different dosages of BPB
to confirm the feasibility of the isotherm by comparing the adsorption potential. The
Langmuir isotherm indicates that adsorption energy is constant over the adsorbate layer on
the adsorbent surface at a constant temperature [49]. Langmuir equation is expressed as:

Ce
/

qe
=

1
qe

KL +
Ce

qm
(2)

where qe (mg/g) = RB5 dye adsorbed at equilibrium, qm (mg/g) = maximum RB5 adsorbed,
Ce = dye concentration at equilibrium (mg/L), KL = Langmuir constant for binding ability
of RB5 on BPB.

The Freundlich isotherm illustrates distribution of dye molecule between BPB and
solution at equilibrium. The isotherm defines an expanding inconsistency of active sites
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surface energy during adsorption and reduction in adsorption heat [50]. The Freundlich
equation can be mentioned as:

lnqe = lnKF +

(
1
n

)
lnCe (3)

where Freundlich constants n = intensity of sorption and KF = uptake capacity (n shows
nature of process, n < 1 indicates chemisorption, n > 1 implies physisorption and n = 1
shows linear sorption).

The kinetic study determines the equilibrium time and rate of adsorption through
adsorption modelling. Two kinetic models such as pseudo-first and second order were
applied for rate constant calculation in sorption procedure. The pseudo-first order [51] and
pseudo-second order [52] reaction mechanism were calculated by given equations:

ln(qe − qt) = lnqe − K1t (4)

t
qt

=
1

k2q2
e
+

t
qe

(5)

where qe and qt are RB5 dye adsorbed at equilibrium and time, k1 = pseudo-first order
adsorption rate constant (min−1), and k2 = pseudo-second order adsorption rate constant
(g/mg.min).

2.5. Regeneration Analysis

The regeneration analysis was performed by the procedure of Kapoor and Siva-
mani [53]. In RB5 dye solution (100 mL) of 75 mg/L concentration, 0.8 g BPB was added and
kept in shaking incubator under constant shaking condition at 32 ◦C for 45 min. Banana
peel biochar containing dye was segregated by centrifugation. After filtration with What-
man no. 1 filter paper, the filtrate was analyzed by measuring absorbance for determination
of dye content adsorbed by BPB. The blank sample (without BPB) was taken to compare the
impact of BPB on RB5 dye removal compared with those samples in which BPB was added.
After that, 0.1 g of RB5 dye containing biochar was placed at 50 ◦C for 6–7 h as drying may
influence the sorption ability and microstructure of BPB [54] which was mixed with the
desorbing solution. For the desorbing solution, 1N HCl and 1N NaOH reagents each were
prepared in two different flasks separately and BPB was first washed with 1N HCl. Then
the same biochar was washed with 1N NaOH and agitated at 180 rpm for 45 min. RB5
present in desorbing solution was recorded by UV-vis spectrophotometer. BPB isolated
from desorbing solution was washed with sterilized distilled water three to four times
to remove the desorbing solution and particles of BPB were kept at 50 ◦C for 9 h. The
regeneration analysis was conducted up to five cycles for identification of re-applicability
of used biochar. Dye desorption (%) was calculated by following formula [55]:

Desorption (%) = Amount o f
RB5desorbed

Amount
o f RB5 adsorbed × 100 (6)

2.6. Evaluation of Phytotoxicity

Reactive Black 5 dye toxicity before and after treatment with BPB was tested on
tomato seeds. A total of 9 test tubes, 9 petri plates, and 90 tomato seeds were taken
for the phytotoxicity test. Seeds of tomato (Solanum lycopersicum L. variety Heera) were
washed with tap water and the surface of seeds was sterilized with sodium hypochlorite
solution (10% w/v) for 5 min for inhibition of microbial activities and cleaned again with
sterilized distilled water. As the experiment was conducted in triplicate, nine test tubes
were arranged and in each test tube, ten tomato seeds were kept in 10 mL of distilled
water, RB5 dye solution (75 mg/L), and BPB-treated RB5 dye solution, respectively for 4 h
according to the treatment. Soaking of the tomato seeds was performed for the activation
of enzymes. Then, tomato seeds were transferred into sterilized petri plates (ten tomato
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seeds were placed in each petri plate) and the petri plates were kept in the seed germinator
for 8 days under 87% relative humidity with 12 h photoperiod at 26 ± 2 ◦C. Three petri
plates were taken for the control, three petri plates for RB5 dye, and three petri plates were
taken for the BPB-treated RB5 dye solution. In the control set, distilled water was used
for watering/irrigation of tomato seeds whereas two other sets were arranged in which
tomato seeds of the second set were irrigated with RB5 dye solution (75 mg/L) and in the
third set BPB-treated RB5 dye solution was used for watering of tomato seeds. RB5 dye
concentration (75 mg/L) was selected for the evaluation of phytotoxic effects of RB5 dye
on tomato seeds as maximum dye removal was obtained with this concentration in the
batch study. Seed germination, length, and vigor index of 90 seedlings were measured in
the control and treatment set of all the nine petri plates after 8 days of treatment [56]. The
germination percentage and vigor index were analyzed by a given equation [57]:

Germination (%) = Total number o f tomato seedsgerminated
/Total number o f tomato seeds taken f or germination
×100

(7)

Vigor index = Total length o f seedling in mm × germination percentage (8)

2.7. Estimation of Biochemical Components

The chlorophyll content was assessed in tomato seedlings through the Lichtenthaler [58]
procedure. The total sugar and protein contents present in tomato seedlings were analyzed
by the method of Hedge and Hofreiter [59] and Lowry et al. [60], respectively.

2.8. Statistical Analysis

Treatments with three replicates were arranged in a randomized block design. A
randomized block design is an experimental design in which the experimental units are
kept in groups called blocks. Data were analyzed by ANOVA and SPSS software and the
treatment mean was calculated by DMRT at p < 0.05.

3. Results and Discussion
3.1. Proximate Analysis of Banana Peel Biochars

The proximate analysis was performed to confirm the amount of ash, fixed carbon,
volatile material, and water content in banana peel biochar. Results reflected that BPB have
4.72% fixed carbon, 72.45% volatile material, 12.5% moisture, and 10.23% ash contents.

3.2. Characterization of Banana Peel Biochars

The spectrum 3407 cm−1 is assigned to OH stretching vibrations which may be due to
the presence of moisture on BPB. The spectrum at 2920 and 2913 cm−1 was due to the CH-
stretching vibration while the band at 2259 cm−1 showed the presence of C=C stretching
vibration. The 1705 and 1726 cm−1 bands indicated C=O which showed the presence of
carboxylic groups on BPB. The band at 1400 cm−1 reflected the CH bending vibration which
showed stable binding and significant in adsorption process. There was a change in the
CH stretching vibration at spectra 2130 cm−1 which reflected the presence of the methoxyl
group as a result of the removal of lipids and lignin (Figure 1). The increase in the intensity
of spectra after adsorption was due to the presence of C=C stretching vibration. Hydroxyl
and carboxylic groups affected RB5 adsorption [61]. The decrease in C-O-H stretching
vibration peak in secondary cyclic alcohol was recorded after adsorption.
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Figure 1. FTIR of banana peel biochars (a) before RB5 dye adsorption and (b) after RB5 dye adsorption.

The SEM micrograph of banana peel biochar before and after the adsorption process
was recorded at the resolution of ×5000 magnification using 30 µm particle sizes. It was
found that the morphology of the BPB before adsorption (Figure 2a) was different from
banana peel biochars after adsorption of RB5 (Figure 2b). In Figure 2a, the micrograph re-
vealed the rough and porous surface of the banana peel biochar and it is due to the presence
of lignin, pectin, and vicious compounds [61]. Banana peel biochar after adsorption with
RB5 can be observed with a rough and irregular surface because of the chemical alteration
of the surface. Due to the dye uptake, lignin was oxidized and produced hydroxyl, carbonyl,
and carboxyl groups which enhanced lignin solubility [62]. Functional groups present
on the surface are responsible for improving the adsorption process through electrostatic
interactions and chemisorption-based processes.
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Figure 2. Scanning electron micrographs of banana peel biochar (a) before RB5 dye adsorption and
(b) after RB5 dye adsorption.

3.3. Effect of Different Parameters on Reactive Black 5 Dye Adsorption by Banana Peel Biochar
3.3.1. pH

The solution pH plays a significant role in adsorption of dye on BPB. The degree of
ionization, surface charge of adsorbent, and nature of dye solution were affected by the
pH. The pH regulates electrostatic interactions between the functional groups available on
the BPB surface and dye solution. The effect of pH on RB5 dye removal from an aqueous
solution (25–150 mg/L RB5 amount) was analyzed through the change in pH from 3 to 11
at 27 ± 2 ◦C. Maximum 96% removal of 75 mg/L RB5 dye was reported by BPB at pH 3
while 77, 56, and 34% RB5 removal was observed at pH 7, 9, and 11, respectively (Figure 3a).
The RB5 removal was reported more at less pH due to the involvement of H+. The surface
of adsorbent was positively charged at low pH and attracted RB5 which is anionic dye. At
low pH, more RB5 adsorption by BPB was due to electrostatic attraction [24].

3.3.2. Particle Size

Reactive Black 5 adsorption was assessed by three types of BPB particle sizes such as
0–170, 230–300, and 320–500 µm. As the BPB size reduces, adsorption of RB5 molecules
increases, because of the enlarged surface area of small particles, hence the surface area
of BPB was directly proportional to RB5 absorption (Figure 3a). For large-sized particles,
diffusion resistance to mass transport is high and internal surface cannot be used for
adsorption and due to this, less dye amount was adsorbed.

3.3.3. Contact Time

Exposure duration of interaction between BPB and dye is an important factor which
plays a pivotal function in the kinetics of the adsorption process. The dye removal percent-
age was enhanced by increasing contact time (Figure 3b). The removal of RB5 dye was
significant at the earlier stages in comparison with the last stage of the procedure which
may be due to the availability of free sites on banana peel biochar. However, after 120 min
there was no significant change in the adsorption efficiency, and it was considered as the
equilibrium point for the adsorption process. The impact of exposure time for adsorption
of RB5 dye was calculated to analyze equilibrium time. Reactive Black 5 dye removal of 77,
81, and 87% was recorded after 30, 60, and 90 min, respectively, for 75 mg/L RB5 dye. Two
hours (120 min) was taken as equilibrium time in adsorption process as after 2 h, increase
in dye adsorption was not reported.
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3.3.4. Adsorbent Dose

The adsorbent amount can affect the adsorption adequacy. Reactive Black 5 dye
removal was increased from 65 to 69% as BPB enhanced from 0.2 to 0.6 g. Highest 97%
of RB5 dye removal was recorded with 0.8 g of BPB. More dye uptake rate was observed
with high biochar amount due to the rise in active sites because of increased surface area
and functional groups accessible for adsorption, these facilitate frequent binding of RB5 on
adsorption sites (Figure 3c).

3.3.5. Dye Concentration

The initial concentration of dye exhibits the significant effect on the adsorption capacity
of the process. Dye concentration imparts energy for the regulation of mass transfer resis-
tance of molecules between solid (adsorbent) and liquid (dye solution) stages [63]. Removal
of RB5 dye by 0.8 g BPB was observed with different dye concentrations (25–150 mg/L). A
significant amount of color was removed at a low concentration of dye whereas with high
RB5 concentration, the rate of dye removal was decreased as the adsorbent surface was
completely infused (Figure 3d). High RB5 dye removal efficiency at a low concentration
may be because of more interaction of dye molecules with the active sites available on the
BPB. Reduction in adsorption efficiency by increasing dye concentration might be due to the
saturation of active spaces of BPB or less vacancy of adsorbent sites or enhanced repulsive
electrostatic force between surface of BPB and dye solution.
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3.3.6. Temperature

Reactive Black 5 dye adsorption on BPB was investigated under various temperature
ranges from 25, 35, 45, 55, and 65 ◦C. RB5 dye exhibited 71 and 88% sorption at 25 and
65 ◦C respectively. Maximum 97% sorption of RB5 was observed at 55 ◦C (Figure 3e).
Temperature is an important parameter and it affects the transfer process and adsorption
kinetics of dyes. A higher RB5 sorption rate at high temperature was because of the increase
in availability of sites on surface and more porosity and pore volume of adsorbent. Results
reflected that the adsorption process was exothermic in nature.

3.4. Adsorption Isotherm

The adsorption isotherm indicated RB5 molecules dissemination between liquid and
solid stages under equilibrium at constant temperature. The isotherm model provides sig-
nificant information on the mechanism of sorption, surface characteristics, and BPB ability.
The isotherm results of RB5 dye sorption on BPB was analyzed by Langmuir and Freundlich
models (Table 2; Figure 4). The Langmuir isotherm model is based on the assumption that
monolayer adsorption occurs at homogeneous active sites on adsorbent structure, whereas
the Freundlich model describes that adsorption occurs at non-uniform surfaces.

Table 2. Isotherm constants for RB5 dye adsorption by banana peel biochar.

Isotherm Equation Parameters Value

Langmuir Ce/qe = 1/qe KL + Ce/qm

qm (mg/g) 7.58
KL (l/mg) 0.0053

R2 0.9489

Freundlich In qe = In KF + (1/n) In Ce

1/n 7.813
KF (mg/g) 1.90294

R2 0.4471
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In this investigation, the Langmuir isotherm exhibited best fit model as it showed more
correlation coefficient (R2 = 0.9489) compared with Freundlich. It exhibited monolayer
coverage of RB5 dye on banana peel biochar. After calculation, the values for Langmuir
constants were qm = 7.58 mg/g and k = 0.0053 mg−1 and Freundlich constants were
KF = 1.90294 and n = 7.813 and R2 = 0.4471.
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3.5. Adsorption Kinetic Models

A kinetic study provides information about adsorption efficiency and direction of
reaction. Kinetic models were used to verify RB5 dye adsorption by BPB. The coefficient
of determination (R2) was 0.4111 and 0.9946 for pseudo-first and second-order models,
respectively. Due to the high correlation coefficient value, the pseudo-second order kinetic
model was followed (Table 3; Figure 5). Pseudo-second order kinetics exhibit chemisorption
as the rate limiting step which was due to the physico-chemical interactions between the
two phases. Data exhibited that the sorption procedure was controlled by uptake between
the RB5 molecules and BPB surface. The pseudo-second order model was found suitable in
earlier findings such as RB5 dye adsorption by pumpkin seed husks [64], coffee waste [65],
and macadamia seed husks [66].

Table 3. Kinetic variables for RB5 dye adsorption on banana peel biochars.

Model Equation Parameters Value

Pseudo-first order In (qe−qt) = In qe − k1 t

k1 (min−1) 0.0096

qe (mg/g) 3.1852

R2 0.4111

Pseudo-second order t/qt = 1/k2 qe + t/qe

K2 (g/mg min) 0.0243

qe (mg/g) 8.9606

R2 0.9946
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3.6. Thermodynamic Analysis

The change in free energy (∆G◦), enthalpy (∆H◦), and entropy (∆S◦) were analyzed
for RB 5 adsorption on banana peel biochar.

G◦ = −2.303RT log Kd and Kd = qe/Ce (9)

∆G◦ = ∆H◦ − T ∆S◦ (10)

By repositioning the equation, we obtain log Kd = ∆H0/RT − (∆S0)/R, by applying
the curve fitting method and ∆H◦ and ∆S◦ were calculated. Sorption experiments were
conducted at 25, 35, 45, 55, and 65 ◦C (Table 4). The negative value of ∆G◦ at different
temperature showed spontaneous nature of RB5 dye sorption on BPB [67].
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Table 4. Thermodynamic variables for RB5 dye adsorption by banana peel biochar.

S.No. Temperature
(◦C)

∆G◦

(kJ/mol)
∆H◦

(kJ mol−1)
∆S◦

(J/K)

1. 25 −2363.79

−11.223 30.457

2. 35 −1506.13

3. 45 −30.21

4. 55 −3754.22

5. 65 −596.03

The negative value of ∆H◦ (−11.223 kJ mol−1) established the exothermic nature of
the process. The positive value of ∆S◦ (30.457 J/K) reflected an increase in the adsorbate
content in solid state. Increased impermanence at solid-liquid confluence was recorded in
sorption. The positive value of ∆S◦ reflects the randomness and stability of the adsorption
procedure. Results revealed that RB5 dye adsorption on BPB was spontaneous and the
exothermic procedure was consistent with our findings recorded in isotherm experiments.

3.7. Regeneration Analysis

Recyclability of BPB is an important parameter for the evaluation of total expendi-
ture of the adsorption process which inhibits secondary pollution. Regeneration a is key
indicator for the evaluation of the performance of an adsorbent. The regeneration process
requires proper selection of eluent and it depends on the type of adsorbent and adsorption
mechanism. Reactive Black 5 dye solution contains both positive and negative functional
groups so both basic and acidic media are required to desorb dyes from the biochar surface.
In an acidic medium, the solution consists of H+ that attaches with the dye molecules
with negative functional groups and desorbs from the adsorbent surface. Similarly, in
basic medium, the dye molecules containing positive functional groups were removed [68].
Therefore, in the present analysis for obtaining maximum recovery, BPB was washed first
with 1N HCl after that, the same biochar was washed with 1N NaOH. However, with the
progression in the number of cycles, the efficacy of the dye removal reduced, which might
be due to the blockage of the adsorption sites present in the micropores. For the regener-
ation analysis, 75 mg/L RB5 dye solution was used with 0.8 g banana peel biochar; as in
batch experiments maximum 97% RB5 dye removal was observed with 75 mg/Ladsorbate
concentration and 0.8 g BPB. Reproduced biochar exhibited 78, 62, 52, 43, and 38% RB5 dye
adsorption efficiency from the first to fifth cycle (Figure 6). Hence, regenerated banana peel
biochars can be reutilized for the uptake of RB5 dye.

3.8. Evaluation of Phytotoxicity

The phytotoxic effect of RB5 dye solution was analyzed prior and after the treatment
with BPB by germination and morphological variables of tomato (Solanum lycopersicum
L. variety Heera) seeds. Experiments were conducted in three sets: in the control set,
distilled water was used for watering/irrigation of tomato seeds, whereas two other sets
were arranged in which tomato seeds of second set were irrigated with RB5 dye solution
(75 mg/L) and in the third set BPB-treated RB5 dye solution was used for treatment of tomato
seeds. RB5 dye concentration (75 mg/L) was selected among the other dye concentrations
for the evaluation of phytotoxic effects of RB5 dye on tomato seeds as maximum 97%
dye removal was obtained with this concentration by 0.8 g of banana peel biochar. The
seed germination percentage was calculated by counting the total number of tomato seeds
germinated and after 8 days of seedling growth. Seedlings were used for the estimation
of radicle and plumule length, vigor index, and analysis of biochemical components such
as chlorophyll, sugar, and protein. Marked alterations were recorded among treatment
for seed germination, seedling length, and vigor index of tomato seeds. In the control, 96%
germination was noticed while tomato seeds treated with RB5 dye (75 mg/L) reflected
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10% germination. Tomato seed germination was increased to 81% in RB5 solution with
BPB treatment. The length of radicle and plumule were 2.97 and 13.67 cm in the control
but reduced to 0.19 and 1.93 cm with RB5 dye. Banana peel biochars-treated dye solution
exhibited escalation in length of seedling and vigor index of tomato in comparison with
RB5 dye. The tomato seeds vigor index showed the order: Control > RB5 dye solution
treated with BPB > RB5 dye (Table 5). The biochemical components such as chlorophyll,
sugar and protein were analyzed both in the control and treated tomato seedlings. The
maximum amount of chlorophyll, sugar, and protein were reported in the control. Banana
peel biochar-treated RB5 dye solution exhibited a significant reduction, 70, 71, and 76%,
respectively, in total chlorophyll, sugar, and protein contents of tomato seedlings over the
control. The reduction in biochemical parameters might be due to the adverse impact of
RB5 dye on the physiological activities of tomato seeds. Similar results were reported by
Kapoor and Sivamani [53].
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Table 5. Phytotoxic effects of RB5 dye solution before and after treatment with banana peel biochar
on germination, morphological and biochemical variables of Solanum lycopersicum L.

Treatment Germination
(%)

Length of
Plumule

(cms)

Length of
Radicle
(cms)

Vigor
index

Total
Chlorophyll
(mg/g FW)

Sugar
Content

(mg/g DW)

Protein
Content

(mg/g FW)

Control 96 ± 1.41 a 13.67 ± 0.57 a 2.97 ± 0.29 a 15974.4 a 3.28 ± 0.36 a 3.74 ± 0.32 a 19.03 ± 0.57 a

RB5 dye solution
(75 mg/L) 10 ± 0.71 c 1.93 ± 0.18 d 0.19 ± 0.01 c 212 d 0.99 ± 0.09 c 1.07 ± 0.06 c 4.53 ± 0.16 d

BPB-treated RB5
dye solution 81 ± 1.1 b 11.4 ± 0.74 a 2.4 ± 0.49 a 11178 b 2.33 ± 0.35 b 2.31 ± 0.32 b 15.57 ± 0.47 b

Values are mean ± standard error mean of 3 replicates from three independent experiments. Values showing
different letters indicate significant difference among treatment at p < 0.05 significant level as per ANOVA.

3.9. Performance of Banana Peel Biochars

The prepared BPB capacity for RB5 dye adsorption was compared with similar studies
as reported in Table 6. The development of adsorbent from biomass waste provides
substitution of commercially available activated carbon and enhances cost effectiveness of
the process [67]. Sorption ability (qmax) was utilized for comparison and it is in the line
with previous findings, showing that RB5 dye can be easily adsorbed on BPB. The biochar
prepared from different waste biomass resources showed a wide range of adsorption
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capacity for RB5 dye. It might be due to the difference in the surface area, pore size and
availability of functional groups on the surface of biochar.

Table 6. Adsorption capacity (qmax) of RB5 dye with various adsorbents.

Biochars Optimum Experimental
Conditions qmax (mg/g) References

Coconut shell pH = 2;
exposure time = 60 min 0.82 Jozwiak et al. [69]

Pumpkin seed husk pH = 3;
exposure time = 60 min 1 Kowalkowska and Jozwiak [64]

Macadamia seed husk pH = 3;
exposure time = 510 min 1.21 Felista et al. [66]

Cotton fibers pH = 3;
exposure time = 240 min 2.74 Jozwiak et al. [70]

Potato peel pH = 3;
exposure time = 120 min 3.61 Samarghandy et al. [71]

Fly ash pH = 5.64;
exposure time = 60 min 7.94 Eren and Acar [72]

Pumpkin seed hulls pH = 2;
exposure time = 30 min 9.18 Celebi [46]

Eggshells pH = 6;
exposure time = 15 min 18.46 Celebi [46]

Coffee waste pH = 7;
exposure time = 50 min 77.52 Wong et al. [65]

Wood waste Temperature = 25 ◦C;
exposure time = 90 min 35.67 Figueiredo Do Nascimento [73]

Tobacco stalk biomass pH = 2;
exposure time = 120 min 92.84 Shah et al. [74]

Banana peel biochars pH = 3;
exposure time = 120 min 7.58 This study

Adsorption is considered as the most promising technology owing to its low cost,
high selectivity and ease of operation. Banana peel biochar can be applied as an efficient
adsorbent for removal of anionic dyes as observed in the findings of the present study.
Further investigations are required for the utilization of the potential waste materials easily
available at zero cost for its effective translation from laboratory scale treatment to real
industrial effluent treatment at a large scale.

4. Conclusions

Azo dye treatment is an arduous task as these dyes are electron deficient xenobiotic
compounds and recalcitrant to degradation. An FTIR analysis confirmed interactions
between RB5 dye and functional groups available on the BPB surface. The Langmuir
adsorption isotherm model best represented the experimental points and reflected highest
7.58 mg/g adsorption capacity. The negative value of ∆H0 reflected that sorption was
spontaneous and an exothermic process. Reproduced BPB showed positive results up
to five successive cycles for removal of RB5. Hence, biochar prepared from renewable
bio-waste i.e., banana peel, is a simple, inexpensive, sustainable, and efficient adsorbent for
RB5 dye removal from contaminated water. Our findings represent promising alternatives
for RB5 removal from aqueous phases, but needs further research on a larger scale.
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Abstract: River water quality is a serious concern among scientist and government agencies due
to increasing anthropogenic activities and uncontrolled industrial discharge to rivers. The present
study was conducted near the river mouth of the Kerian River to assess heavy metal pollution
during COVID-19 pandemic-lockdown conditions and post-COVID-19 pandemic-unlock conditions.
Twelve samples of shallow, middle, and bottom depths were collected at four locations along a
9.6 km reach. A concentration of eight heavy metals including Cadmium, Chromium, Copper, Iron,
Manganese, Nickel, Lead, and Zinc were extracted through atomic absorption spectrometry. Total
suspended solid was measured during laboratory experimentation. The results showed that, during
the pandemic, concentrations of Nickel, Zinc, and Iron were high at shallow, middle, and bottom
depths, respectively. Decreasing orders of heavy metal concentration are variable at different depths
due to either their high sinking tendency with other existing components of water matrix or the
anthropogenic source. However, almost all values of heavy metals are under the permissible limit of
National Water Quality Standards of Malaysia and Food and Drug Administration. A possible reason
for the lack of heavy metal pollution may be the restriction of anthropogenic activities during the
COVID-19 pandemic. Additionally, no significant differences were observed in total suspended solid.

Keywords: heavy metals; Kerian River; pollution; anthropogenic activities; water quality

1. Introduction and Background

River water pollution is one the most critical issues in the world. Surface water
quality, especially river water quality, is declining due to anthropogenic activities and
uncontrolled discharge of anthropogenic sources [1,2]. Anthropogenic sources can be
in the form of industrial waste, discharge from agricultural land, mining, and sewage.
Fertilizers and pesticide used in agricultural land washed during precipitation and drain
into river causes increment in nitrate and phosphate concentration [3,4]. Total suspended
solid concentration also increases due to soil erosion from agricultural land. Uncontrolled
discharge of industrial waste in river water containing pollutants such as zinc, cyanide,
copper, lead, mercury, and cadmium causes fish death and an increment in toxic levels [5].
Pollution due to heavy metal is also a serious issue because it is non-degradable by natural
processes and its existence in soil and sediment leads to rapid release as it sinks into
watercourses [6]. A concentration of essential heavy metals under an acceptable limit is
good for health; however, if it exceeds the acceptable limit, these heavy metals become
harmful and extremely toxic for humans, animals, and aquatic ecosystem health [7,8].
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In the last decade, several studies have analyzed heavy metal pollution in different
parts of Malaysia. Ishadi et al. [9] examined water quality and habitat suitability of a
hemipteran community upstream of the Kerian River. They used three heavy metals
but did not compare with any water quality standards. Ibrahim et al. [10] compared
the presence of heavy metals in river water and pumping-well water for a Riverbank
filtration (RBF) system upstream of the Kerian River. They found that, out of 10 heavy
metals, iron and arsenic exceed the standard values set by the Ministry of Health, Malaysia.
The probable reason of this was due to the excess use of pesticides on the agricultural
land by which the upstream of the Kerian River is mostly surrounded. Billah et al. [11]
investigated metal contamination in the tropical Miri estuary of Sarawak, Malaysia, and
found that iron was the highest contaminated metal. Their study was substantial to
portray deterioration in water quality due to anthropogenic pollution, though it would
have been interesting to differentiate the reading, had the data been collected during the
COVID-19 lockdown period. Chowdhury et al. [12] assessed water quality effected due to
anthropogenic pollution sources from the Sungai Selangor basin. They found that most
sampling stations fall under Class 3 of the National Water Quality Standards of Malaysia
(NWQSM), indicating that extensive treatment is required. Nonetheless, the differentiation
could have been substantiated if the additional data were recorded during the COVID-19
lockdown. Ibrahim et al. [6] analyzed metal contamination at nine stations along the
Sg. Sembilang due to anthropogenic and natural sources. They found that some heavy
metals exceeded the NWQSM limit. Zanuri et al. [13] assessed the marine water quality
of Penang Island to investigate the mass mortality of cultured fishes. They found that
the concentration of cadmium, copper, iron, and nickel exceeded the permissible levels
according to Malaysia Marine Water Quality Class 2. Due to this, the area may no longer
be suitable for aquaculture or recreational purposes. It was also noted that their study was
carried out during pre-COVID-19 times, whereby the data was collected from 2016 to 2017.
Lee Goi [14] studied pre- and post-COVID-19 water qualities of Malaysian rivers using
published papers and newspaper articles. They found that, in pre-COVID-19 conditions,
53% of the river’s water quality in Malaysia was categorized as slightly polluted or polluted.
While, in post COVID-19 condition, some polluted river became clearer than previous
conditions. Their work provides an insight into the analysis of river water quality during
pre- and post-COVID-19 periods. Razak et al. [15] studied heavy metal pollution in the
Linggi River, Negeri Sembilan, Malaysia. They found that concentrations of heavy metals
were under the permissible limits of NWQSM, but that the index showed low-level heavy
metal contamination. Moreover, aluminum and zinc came under a medium potential risk,
while arsenic and manganese came under low potential risk that impacted negatively on
aquatic organisms and human health.

Overall, none of the studies have been reported near the river mouth of the Kerian
River, where several industrial and agricultural activities have been increasing. However,
this study was conducted during the COVID-19 pandemic, when there were restrictions
on anthropogenic activities such as industrial lockdown near the vicinity of the Kerian
river (limitation in industrial waste release) and after the COVID-19 pandemic, when the
restrictions were removed. Therefore, the objective of this study is to assess heavy metal
pollution near the river mouth of the Kerian River along a 9.6 km reach covering several
industrial and agricultural waste drain areas. With regard to the industries, it is highlighted
that the Kerian River is surrounded by industries such as semi-conductor manufacturing
plants, paper, palm oil, rubber, and furniture factories. This study would be helpful in
understanding the current status of pollution in the Kerian River. As none of the studies
have previously reported in this area, the results of this study could be a reference for
future heavy metal pollution studies.

102



Sustainability 2022, 14, 3976

2. Materials and Methods
2.1. Study Area and Data Collection

The study area was the downstream part of the Kerian River, situated in the state of
Perak, the northern part of the Peninsular Malaysia. The area lies between latitudes 5◦8′24′′

and 5◦10′41.94′′ N and longitudes 101◦24′12.89′′ and 100◦29′56.44′′ E (Figure 1).
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Total length of the Kerian River is 104 km, and it originates from the Bintang Range
and flows south-westward towards the Malacca Straits near the town of Nibong Tebal [16].
In this study, a 9.6 km reach near the river mouth was selected due to the presence of
settlement and industrial area. Average annual rainfall and temperature in the area is
2560.3 mm and 28 ◦C, respectively. As the area situated near the river mouth, the elevation
ranged from 0 to 32 m.

Nibong Tebal is home to several manufacturing industries which are located across
the vicinity of Kerian River. The domain of these industries comprises of metal machining,
rubber industry, paper industry, and furniture industry [17]. In addition to this, the area also
accommodates food-based industry, i.e., sugar, sauce, and biscuit factories. Nonetheless,
overall, Nibong Tebal has 617 registered companies. These companies have an estimated
turnover of RM 8.716 billion and employ a number of employees estimated at 17,025. The
population of Nibong Tebal town, as of 2021, is 40,072 as per the GeoNames geographical
database. From an agricultural point of view, the area around Kerian River is home to
sugar cane, rice, and palm tree plantation. Land use such as forested areas, paddy fields,
palm oil plantations, orchards, and areas of settlement are distributed along the Kerian
River basin [18]. The existing environment of the Kerian River has been heavily developed
into agricultural lands [19]. The area is divided into two categories: non-agricultural
and agricultural lands. The major crops are rubber, rice (Kerian Rice Irrigation Schemes),
and palm oil. Apart from the aforementioned positive parameters, there lies a threat of
industrial wastewater pollution. In this regard, it is an urgent need to curb industrial
waste pollution in Kebun Kuyung, near Nibong Tebal in the Seberang Perai Selatan district.
Nonetheless, aquatic life in Sungai Kerian, especially fish and prawns, that are the main
catch for small fishers here, will be more seriously affected and reduced, subsequently
threatening their income.

In the proposed work, twelve water samples at four sites along the 9.6 km reach were
collected to study the water quality condition of the Kerian River during and after the
pandemic, whereby, in the manuscript, terms such as “during pandemic” are known as
the lockdown period, and “after pandemic” or “post-pandemic” are known as the unlock
period. Water samples were collected during rainy season due to the high possibility of
pollution during high flows. During the pandemic, samples were collected in January
2021, while, in post-pandemic, samples were collected in January 2022. At each site, three
samples were collected at different depths, such as shallow, middle, and bottom. Location
and distance of different sites are given in Table 1.

Table 1. Locations of water samples collected for heavy metal pollution assessment.

Water Samples Latitude Longitude Location Distance (km)

S1 5◦9′33′′ 100◦26′37′′ Taman Ilmu 0
S2 5◦9′42′′ 100◦28′28′′ Kampung Chelsa 3
S3 5◦9′30′′ 100◦29′43′′ Kampung Sungai Tok Tuntung 9
S4 5◦9′47′′ 100◦26′50′′ Kampung Sungai Tok Tuntung 9.6

2.2. Laboratory Experiments and Data Processing

Three liters of each collected water sample were first concentrated in a sandy oven
at 80 ◦C until the volume reached 50 mL. A total of 4 mL of concentrated sulfuric acid
(Merck, Kenilworth, NJ, USA, 98%) was added to each sample and digested by Digesdahl
apparatus for 3 min. Then, 10 mL hydrogen peroxide (Merck, 30%) was added and heated
until oxidation was completed. After cooling, each sample filtered by filter (Whatman filter
Merck, 0.45 m). The filtrate was diluted by deionized water for a final volume of 50 mL. The
prepared samples were analyzed by a Graphite furnace atomic absorption spectrometry
(GFAAS, Modal AAnalyst300) to determine the metals.

Vacuum filtration was considered to be a reliable approach to measure sediment
weight in a sample. In the conventional method, potassium permanganate was usually
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added in order to allow the sediments to deposit at the base before filtration. However, in
the present study, since the samples were to be used for atomic absorption spectroscopy
(AAS) for determination of sediment composition, we avoided the addition of potassium
permanganate to the samples. We passed water samples through the filter paper in the
vacuum filtration apparatus (Figure 2). After water filtration, we kept the filter papers in
the drying oven at a temperature of 104 ◦C for 24 h. Finally, the sediment load in each
sample was measured by calculating the difference in weight of filter paper before and
after the experiment. The analytical weight balance used in the present study had count of
a least 0.01 mg.
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Figure 2. Vacuum filtration setup.

2.3. Heavy Metal and Statistical Analysis

Basic statistics such as mean, standard deviation, minimum and maximum values of
total suspended solid (TSS), and heavy metal concertation at different sites were compared
to obtain their variations. Decreasing orders of heavy metals were also analyzed. Heavy
metal values were compared with National Water Quality Standards of Malaysia, Food and
Drug Administration, drinking water standards, irrigation water standards, aquatic life
standards, and surface water standards [20].

3. Results and Discussion
3.1. Experimental Results of Total Suspended Solid and Heavy Metals

Average laboratory results of TSS and eight heavy metals such as Cadmium (Cd),
Chromium (Cr), Copper (Cu), Iron (Fe), Manganese (Mn), Nickel (Ni), Lead (Pb), and Zinc
(Zn) at shallow, middle, and bottom depths are presented in Table 2. Detailed results are
given in Table A1, incorporated in Appendix A.
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Table 2. Average laboratory results of TSS (mg/L) and eight heavy metals (ppm) at different depths.

Parameters Time
Depths

Shallow Middle Bottom

TSS
During COVID 17.75 53.00 14.00

Post COVID 24.25 64.00 8.25

Cd
During COVID 0.0014 0.0025 0.0015

Post COVID 0.0049 0.0156 0.0076

Cr
During COVID 0.0002 0.0002 0.0002

Post COVID 0.1441 0.1660 0.1179

Cu
During COVID 0.0012 0.0029 0.0032

Post COVID 0.0890 0.0858 0.0858

Fe
During COVID 0.0011 0.0018 0.0036

Post COVID 5.1748 5.4810 3.7255

Mn
During COVID 0.0014 0.0021 0.0006

Post COVID 0.1746 0.1372 0.1599

Ni
During COVID 0.0047 0.0018 0.0017

Post COVID 0.1674 0.1068 0.3098

Pb
During COVID 0.0009 0.0008 0.0012

Post COVID 0.1466 0.2403 0.1508

Zn
During COVID 0.0021 0.0036 0.0023

Post COVID 0.7301 0.2704 0.2104

SD = Shallow depth, MD = Middle depth, BD = bottom depth.

3.2. Average Concentration Order of TSS and Heavy Metals during and after the Pandemic

Industrial and agricultural waste discharge into river is one of the major concerns
in developing countries. A high concentration of heavy metals causes water pollution
that deteriorates water quality and affects human health. The average results of TSS and
heavy metal concentration at shallow, middle, and bottom depths in the Kerian River are
shown in Table 2. Based on the mean concentration of heavy metals during the COVID-19
pandemic-lockdown period, decreasing order at shallow depth in the Kerian River is Ni
> Zn > Cd > Mn > Cu > Fe > Pb > Cr. At middle depth, the decreasing order is Zn > Cu
> Cd > Mn > Ni > Fe > Pb > Cr, while, at bottom depth, the decreasing order is Fe > Cu
> Zn > Ni > Cd > Pb > Mn > Cr. From these orders, it is clear that Cr and Pb are almost
in same position at different depths. The concentration of Ni is high in shallow water but
medium at other depths, which indicates that Ni settling tendency is lower in river water.
However, concentration of Fe is lower at shallow and middle depths, but high in bottom
that indicates Fe settling tendency is high in Kerian River. Similarly, the concentration of
Cd and Mn is lower at bottom depth, which indicates lower settling tendency in the Kerian
River. The settling of heavy metals may be due to the different binding capacities of the
different metals with other existing components of the water matrix, such as micro particles
or micro vegetation, which may be in suspended, colloidal, or dissolved form.

After the pandemic-unlock period, the decreasing order of heavy metals changed. At
a shallow depth, the order was Fe > Zn > Mn > Ni > Pb > Cr > Cu > Cd, at middle depth
was Fe > Zn > Pb > Cr > Mn > Ni > Cu > Cd, and at bottom depth, the order was Fe > Ni >
Zn > Mn > Pb > Cr > Cu > Cd. This clearly shows that the Fe concentration is highest at
different depths, indicating a high Fe source in industrial waste. Cu and Cd are lowest at
all depths, indicating the lowest concentration in industrial waste.
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Average results showed that TSS concentration is high at middle depth followed by
shallow depth and bottom depth. Slight variation was observed during and after the
pandemic, which are discussed in the following sections.

3.3. Variation in TSS Concentration during and after COVID-19 along the Kerian River

During the pandemic-lockdown period, TSS concentration at shallow depth varies
from 12 to 24 mg/L, with a standard deviation (SD) of 4.9 mg/L. This concentration at
middle depth varies from 41 to 63 mg/L, with an SD of 8.6 mg/L, and, at bottom depth,
it varies from 3 to 39 mg/L, with an SD of 14.5 mg/L. This indicates more variation in
bottom depth. After the pandemic, the concentration increases to 26.3% at shallow depth
and 14.3% at middle depth, though declines at bottom depth (42.9%) (Figure 3).
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in the study area.

3.4. Variation in Heavy Metal Concentration during and after COVID-19 along the Kerian River

During the pandemic-lockdown period, Cd concentration at shallow depth varies from
0.0007 to 0.0022 ppm with a standard deviation (SD) of 0.00053 ppm. This concentration at
middle depth varies from 0.0002 to 0.0075 ppm with an SD of 0.0029 ppm, and, at bottom
depth, it varies from 0.0004 to 0.0024 with an SD of 0.0008 ppm. This indicates that more
variation at middle depth is reported at site number 2. After the pandemic-unlock period,
the concentration increased to 79.3% at shallow depth, 85.08% at middle depth, and 61.7%
at bottom depth (Figure 4).

According to National Water Quality Standards of Malaysia (NWQSM), almost all
TSS values are in natural condition during and after the pandemic except at middle depth
(Class IIA/IIB). Results of middle depth indicate that conventional treatment is required
for water supply and is sensitive to aquatic species.

According to National Water Quality Standards of Malaysia (NWQSM), almost all Cd
values are under Class IIA/IIB during the pandemic, indicating that conventional treatment
is required for water supply and is sensitive to aquatic species. According to Food and Drug
Administration (FDA), Cd concentration for drinking water should not exceed 0.005 ppm.
Compared to Cd concentration in the study area, most of the sites crossed the permissible
limit. Fluctuation in Cd values at different sites indicates anthropogenic and industrial
sources in the area. These sources are steel industry, fertilizers, and nuclear emission plants,
metal plating and electroplating, plastic industry, and nickel–cadmium batteries [1]. After
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the pandemic-unlock period, half of the samples fall under Class V, indicating that they are
not suitable for drinking and irrigation purposes.

During the pandemic-lockdown period, Cr concentration at shallow depth ranged
from 0.0001 ppm to 0.0003 ppm with an SD of 0.0001 ppm. At middle depth, Cr concentra-
tion ranged from zero ppm to 0.0003 ppm with an SD of 0.0001 ppm, while, at the bottom
depth, it varied from 0.0001 ppm to 0.0002 ppm, with an SD of 0.00004 ppm. More variation
was observed at site numbers 2 and 4. After the pandemic-unlock period, the concentration
increased to 99.8% at shallow depth, 99.9% at middle depth, and 99.8% at bottom depth
(Figure 5).
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According to NWQSM, all Cr values are in natural condition and indicate that no
practical treatment is required for the water supply. According to FDA, the Cr concen-
tration of the study area is under permissible limit (1 ppm). The lowest concentration of
Cr in the study shows its source from natural deposits such as rocks and soil [1]. How-
ever, fluctuation in Cr values at different sites are from industrial waste discharge which
contain very low Cr concentration. After the pandemic-unlock period, almost all sam-
ples come under Class V, thereby indicating that they are not suitable for drinking and
irrigation purposes.

During the pandemic-lockdown period, Cu concentration at shallow depth varies
from 0.001 ppm to 0.0013 ppm with an SD of 0.0001 ppm. At middle depth, it varies from
0.0012 ppm to 0.0047 ppm with an SD of 0.0013 ppm. Whereas, at the bottom depth, it
varies from 0.0022 ppm to 0.004 ppm, with an SD of 0.0006 ppm. More variation was found
at middle depth followed by bottom and shallower depth. High variation among different
depths was found at site number 1. After the pandemic-unlock period, the concentration
increases to 98.6% at shallow depth, 85.6% at middle depth, and 95.6% at bottom depth
(Figure 6).
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Figure 6. Concentration of Copper at shallow, middle, and bottom depths during pandemic-lockdown
and after the pandemic-unlock period in the study area.

According to NWQSM, all Cu values are in natural condition, which indicates that no
practical treatment is required for the water supply. According to FDA, Cu concentrations
of the study area are under a permissible limit (1 ppm). Cu can be released from different
sources such as chemical industry, mining, pesticide industry, and metal piping [1]. The
second highest concentration at middle and bottom depth in the study showed its industrial
source. After the pandemic-unlock period, all samples except a few come under Class V,
indicating that they are not suitable for drinking and irrigation purposes.

During the pandemic-lockdown period, Fe concentration at shallow depth ranged
from 0.0003 ppm to 0.002 ppm with an SD of 0.00061 ppm. At middle depth, it varied from
0.0011 ppm to 0.0029 ppm with an SD of 0.00068, while, at the bottom depth, it varied
from 0.0002 ppm to 0.009 ppm with an SD of 0.0033 ppm. High variation was observed at
bottom depth. After the pandemic-unlock period, the concentration increased to 99.8% at
shallow depth, 99.9% at middle depth, and 99.1% at bottom depth (Figure 7).
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Figure 7. Concentration of Iron at shallow, middle, and bottom depths during pandemic-lockdown
and after the pandemic-unlock period in the study area.

According to NWQSM, all Fe values are in natural condition, indicating that no
practical treatment is required for the water supply. According to FDA, Fe concentrations
of the study area are under the permissible limit (0.3 ppm). Generally, the source of Fe
is from soil and rocks. A high difference in Fe values is reported only at site number 1,
indicating an industrial or anthropogenic source. After the pandemic-unlock period, all
samples except a few come under Class V, thereby indicating that they are not suitable for
drinking and irrigation purposes

Mn concentration at shallow depth varies from 0.0006 ppm to 0.002 ppm with an SD
of 0.0005 ppm. At middle depth, it varies from 0.0015 ppm to 0.0028 ppm with an SD of
0.0005 ppm, whereas, at the bottom depth, it varies from 0.0003 ppm to 0.0012 ppm, with
an SD of 0.00035 ppm. Similar variation was observed at both shallow and middle depths.
After the pandemic-unlock period, the concentration increases to 99.2% at shallow depth,
99.1% at middle depth, and 99.5% at bottom depth (Figure 8).

According to NWQSM, all Mn values are in natural condition, which indicates that no
practical treatment is required for the water supply. According to FDA, Mn concentrations
of the study area are under the permissible limit (0.05 ppm). As Mn values are under the
permissible limit, its source must be natural, such as soil and rocks. It is interesting to
observe a sudden drop of Mn values at site number 4 at both shallow and middle depths,
and it slightly increases at the bottom depth. This may be due to adsorption or the ion
exchange of Mn by riverbed material such as soil and sand. After the pandemic-unlock
period, all samples fell under Class V, thereby indicating that they are not suitable for
drinking and irrigation purposes.

During the pandemic-lockdown period, Ni concentration at shallow depth ranged
from 0.0015 ppm to 0.0086 ppm with an SD of 0.0025 ppm. At middle depth, it ranged from
zero ppm to 0.003 ppm with an SD of 0.0011 ppm. Whereas, at the bottom depth, it ranged
from 0.0011 ppm to 0.0026 ppm, with an SD of 0.0006 ppm. High variation was observed at
shallow depth followed by bottom and middle depths. After the pandemic-unlock period,
the concentration increased to 96.4% at shallow depth, 94.9% at middle depth, and 99.2% at
bottom depth (Figure 9).
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Figure 9. Concentration of Nickel at shallow, middle, and bottom depths during pandemic-lockdown
and after the pandemic-unlock period in the study area.

According to NWQSM, all Ni values are in natural condition, indicating that no
practical treatment is required for the water supply. According to FDA, Ni concentrations
of the study area are under the permissible limit (0.1 ppm). As shown in Figure 8, at
shallow depth, the sudden rise in Ni value at site number 4 may be due to industrial
discharge or anthropogenic activity. After the pandemic-unlock period, all samples except
a few fall under Class V, thereby indicating that they are not suitable for drinking and
irrigation purposes.
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During the pandemic-lockdown period, at shallow depth, Pb concentration ranged
from 0.0004 ppm to 0.0013 ppm with an SD of 0.0003 ppm. Pb concentration at middle
depth ranged from 0.0001 ppm to 0.0012 ppm with an SD of 0.00042 ppm. Whereas, at
bottom depth, it ranged from 0.0004 ppm to 0.0022 ppm, with an SD of 0.0007 ppm. High
variation was observed at bottom depth followed by middle and shallow depths. After the
pandemic-unlock period, the concentration increased to 88.6% at shallow depth, 99.6% at
middle depth, and 98.8% at bottom depth (Figure 10).
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Figure 10. Concentration of Lead at shallow, middle, and bottom depths during pandemic-lockdown
and after the pandemic-unlock period in the study area.

According to NWQSM, all Pb values are in natural condition, indicating that no
practical treatment is required for the water supply. According to FDA, Pb concentra-
tions of the study area are under the permissible limit (0.01 ppm). At site number 1, Pb
concentration was high at the bottom depth; however, at site number 4, it was same the
concentration at shallow depth. After the pandemic-unlock period, half of the samples
except a few fall under Class V, thereby indicating that they are not suitable for drinking and
irrigation purposes.

Zn concentration at shallow depth varies from 0.001 ppm to 0.0032 ppm with an SD
of 0.0008 ppm. At middle depth, it varies from 0.0006 ppm to 0.006 ppm with an SD of
0.002 ppm. Whereas, at the bottom depth, it varies from 0.0014 ppm to 0.0034 ppm with an
SD of 0.0008 ppm. High variation was observed at middle depth followed by shallow and
bottom depths. After the pandemic-unlock period, the concentration increased to 96.6% at
shallow depth, 60.7% at middle depth, and 92.7% at bottom depth (Figure 11).

According to NWQSM, all Zn values are in natural condition, indicating that no
practical treatment is required for the water supply. According to FDA, Zn concentra-
tions of the study area are under the permissible limit (5.0 ppm). Again, at site number
4, Zn values suddenly drop at both shallow and middle depths, while they increase
at the bottom depth. This may be due to the adsorption and ion exchange of Zn by
suspended sediments. After the pandemic-unlock period, half of the samples except a
few come under Class V, thereby indicating that they are not suitable for drinking and
irrigation purposes.
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Figure 11. Concentration of Zinc at shallow, middle, and bottom depths during pandemic-lockdown
and after the pandemic-unlock period in the study area.

3.5. Comparison Heavy Metals with Different Standards at Kerian River

Heavy metal values were compared with drinking water standards (DWS), irrigation
water standards (IWS), aquatic life standards (ALS), and surface water standards (SWS) to
understand the use of Kerian River water for different purposes. Overall, the results of the
comparison showed that the Kerian River water is under permissible limits of drinking,
irrigation, aquatic life, and surface water standards. Concentrations of heavy metals after
the pandemic-unlock period crossed the standard limits, which is not required here to be
compared. A summary of results is given in Table 3.

Table 3. Comparison of heavy metal concentration after the pandemic-unlock period at different
depths with drinking water standards (DWS), irrigation water standards (IWS), aquatic life standards
(ALS), and surface water standards (SWS).

Heavy Metals
Concentrations (mg/L) at Depths

DWS IWS ALS SWS
Shallow Middle Bottom

Cd 0.0014 0.0023 0.0015 0.005 0.01 0.01 0.01
Cr 0.0002 0.0002 0.00018 0.1 0.1 0.05 0.16
Cu 0.0012 0.0029 0.0032 1.3 0.2 0.05 -
Fe 0.0011 0.0018 0.0035 0.3 - - -
Mn 0.0014 0.0021 0.0006 0.05 2 1 1
Ni 0.0047 0.0018 0.0018 - 0.2 - 0.144
Pb 0.0009 0.0008 0.0012 0 5 0.05 0.005
Zn 0.0021 0.0036 0.0022 5 2 <0.1 -

4. Conclusions

This study was conducted to analyze the baseline values of the total suspended
solid and heavy metals during and post-COVID-19 pandemic. The study reports that
concentrations of heavy metals are under permissible limits of National Water Quality
Standards of Malaysia, Food and Drug Administration, and standards of drinking water,
irrigation water, and aquatic life. However, there are variations in different depths at the
same sampling site. The possible reason for those heavy metal values that suddenly drop
from one site to another could be the high settling tendency in Kerian River due to binding
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capacities with other existing components of water matrix such as micro particles or micro
vegetation. They may be in suspended, colloidal, or dissolved form. Whereas, for those
heavy metal values that suddenly raised from one site to another, the possible reason could
be an anthropogenic source. High concentrations of Ni, Zn, and Fe were reported at shallow,
middle, and bottom depths, respectively. Overall, the possible reason for the lack of heavy
metal pollution may be due to COVID-19 restrictions on anthropogenic activities. Whereas,
before the post-pandemic period, heavy metal values increased from 60% to 100% from
during pandemic conditions. This confirms that the increment is due to anthropogenic
activities after releasing COVID-19 restrictions. Furthermore, no significant effect was
observed on total suspended solid values in post-pandemic conditions.
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Appendix A

Table A1. Laboratory results of eight heavy metals (ppm) with their standard deviations at
different depths.

Parameters
Sample No. Water Sample 1 Water Sample 2 Water Sample 3 Water Sample 4

Depth ShallowMiddle Bottom ShallowMiddle Bottom ShallowMiddle Bottom ShallowMiddle Bottom

Cd

During
pandemic

0.0014
±

0.0002

0.0012
±

0.0066

0.0011
±

0.0060

0.0022
±

0.0064

0.0075
±

0.0066

0.0004
±

0.0068

0.0007
±

0.0076

0.0002
±

0.0070

0.0024
±

0.0056

0.0014
±

0.0064

0.0010
±

0.0064

0.0022
±

0.0058

Post
pandemic

0.0091
±

0.0000

0.0198
±

0.0001

0.0030
±

0.0001

0.0015
±

0.0001

0.0213
±

0.0000

0.0015
±

0.0001

0.0030
±

0.0000

0.0015
±

0.0005

0.0030
±

0.0001

0.0061
±

0.0000

0.0198
±

0.0001

0.0228
±

0.0001

Cr

During
pandemic

0.0002
±

0.0002

0.0001
±

0.0002

0.0002
±

0.0002

0.0003
±

0.0004

0.0002
±

0.0000

0.0001
±

0.0000

0.0002
±

0.0002

0.0003
±

0.0002

0.0002
±

0.0004

0.0001
±

0.0002

0.0000
±

0.0002

0.0002
±

0.0004

Post
pandemic

0.1441
±

0.0001

0.1354
±

0.0001

0.1528
±

0.0000

0.1266
±

0.0001

0.1878
±

0.0000

0.0917
±

0.0001

0.1441
±

0.0000

0.1790
±

0.0001

0.1179
±

0.0000

0.1616
±

0.0001

0.1616
±

0.0001

0.1092
±

0.0000

Cu

During
pandemic

0.0012
±

0.0003

0.0047
±

0.0004

0.0031
±

0.0004

0.0013
±

0.0008

0.0032
±

0.0001

0.0034
±

0.0006

0.0012
±

0.0008

0.0023
±

0.0006

0.0022
±

0.0004

0.0010
±

0.0000

0.0012
±

0.0002

0.0040
±

0.0004

Post
pandemic

0.0705
±

0.0001

0.0096
±

0.0001

0.0417
±

0.0001

0.0898
±

0.0001

0.1058
±

0.0002

0.1219
±

0.0001

0.0898
±

0.0000

0.0497
±

0.0000

0.0577
±

0.0002

0.1058
±

0.0001

0.1780
±

0.0000

0.1219
±

0.0001
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Table A1. Cont.

Parameters
Sample No. Water Sample 1 Water Sample 2 Water Sample 3 Water Sample 4

Depth ShallowMiddle Bottom ShallowMiddle Bottom ShallowMiddle Bottom ShallowMiddle Bottom

Fe

During
pandemic

0.0011
±

0.0010

0.0017
±

0.0014

0.0029
±

0.0040

0.0009
±

0.0009

0.0014
±

0.0004

0.0018
±

0.0016

0.0003
±

0.0006

0.0029
±

0.004

0.0002
±

0.0018

0.0020
±

0.0016

0.0011
±

0.0028

0.0032
±

0.0022

Post
pandemic

7.1373
±

0.0005

7.0440
±

0.0002

7.0090
±

0.0000

6.1808
±

0.0009

6.8107
±

0.0008

7.4872
±

0.0001

7.0206
±

0.0001

7.2306
±

0.0001

0.3136
±

0.0003

0.3603
±

0.0004

0.8385
±

0.0005

0.0920
±

0.0001

Mn

During
pandemic

0.0014
±

0.0010

0.0015
±

0.0014

0.0004
±

0.0008

0.0016
±

0.0008

0.0023
±

0.0013

0.0012
±

0.0005

0.0020
±

0.0016

0.0028
±

0.0004

0.0003
±

0.0012

0.0006
±

0.0023

0.0016
±

0.0023

0.0005
±

0.0007

Post
pandemic

0.2200
±

0.0002

0.0567
±

0.0004

0.1837
±

0.0001

0.2018
±

0.0002

0.0930
±

0.0004

0.1020
±

0.0001

0.1655
±

0.0000

0.1882
±

0.0010

0.1202
±

0.0001

0.1111
±

0.0001

0.2109
±

0.0002

0.2336
±

0.0003

Ni

During
pandemic

0.0047
±

0.0051

0.0025
±

0.0051

0.0011
±

0.0038

0.0040
±

0.0034

0.0030
±

0.0044

0.0026
±

0.0062

0.0015
±

0.0059

0.0000
±

0.0078

0.0019
±

0.0062

0.0086
±

0.0088

0.0018
±

0.0076

0.0013
±

0.0050

Post
pandemic

0.0790
±

0.0002

0.0505
±

0.0001

0.2492
±

0.0003

0.1636
±

0.0001

0.0209
±

0.0008

0.1493
±

0.0001

0.0637
±

0.0003

0.1493
±

0.0004

0.4061
±

0.0001

0.3633
±

0.0001

0.2064
±

0.0007

0.4347
±

0.0005

Pb

During
pandemic

0.0009
±

0.0020

0.0012
±

0.0020

0.0022
±

0.0042

0.0004
±

0.0014

0.0010
±

0.0031

0.0004
±

0.0022

0.0009
±

0.0025

0.0001
±

0.0025

0.0008
±

0.0031

0.0013
±

0.0026

0.0007
±

0.0023

0.0013
±

0.0020

Post
pandemic

0.0508
±

0.0001

0.1169
±

0.0004

0.3898
±

0.0005

0.5220
±

0.0000

0.3458
±

0.0005

0.0373
±

0.0002

0.0068
±

0.0001

0.2492
±

0.0000

0.1169
±

0.0001

0.0068
±

0.0006

0.2492
±

0.0004

0.0593
±

0.0007

Zn

During
pandemic

0.0021
±

0.0004

0.0028
±

0.0005

0.0026
±

0.0008

0.0022
±

0.0002

0.0060
±

0.0010

0.0016
±

0.0008

0.0032
±

0.0018

0.0050
±

0.0001

0.0014
±

0.0005

0.0010
±

0.0004

0.0006
±

0.0000

0.0034
±

0.0015

Post
pandemic

2.5686
±

0.0021

0.7675
±

0.0006

0.4533
±

0.0001

0.2416
±

0.0001

0.0039
±

0.0001

0.0298
±

0.0001

0.0369
±

0.0000

0.2380
±

0.0000

0.0063
±

0.0002

0.0733
±

0.0001

0.0722
±

0.0004

0.3522
±

0.0001
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Abstract: In this study, a new bio-adsorbent (NASIF) was successfully prepared via chemical ac-
tivation of Solanum incanum (SI) with hydrogen peroxide and sodium hydroxide reagents as an
inexpensive and effective adsorbent for the removal of methylene blue (MB) from aqueous media.
The morphology of the NASIF adsorbent surface and the nature of the potential MB interactions were
examined by Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)
micrograph. FTIR results suggested that carboxyl, carbonyl, and hydroxyl groups were involved in
MB adsorption on the NASIF surface. EDX analysis confirmed the successful increase of oxygen-
containing functional groups during the chemical activation. The influence of important factors was
studied using the batch method. The results revealed that the maximum removal efficiency was 98%
at contact time: 120 min; pH: 6.5, adsorbent dose: 40 mg; and temperature-25 ◦C. Isothermal behavior
was evaluated using three non-linear isotherm models, Langmuir, Freundlich, and D–R isotherm. MB
adsorption onto NASIF adsorbent followed the Langmuir isotherm model with maximum monolayer
capacity (mg/g) at 25 ◦C. Meanwhile, the PSO kinetics model was found to be better than PFO kinetic
model for describing the adsorption process using kinetic models. Based on the D–R model, the free
energy (E, kJ mol−1) values were in the range of 0.090–0.1812 kJ mol−1, which indicated that the
MB adsorption onto NASIF may belong to physical adsorption. The adsorption mechanism of MB
onto NASIF adsorbent mainly includes electrostatic attraction, π-π interaction, n-π interaction, and
H-bonding. The thermodynamic parameters revealed that the adsorption process was a feasibility,
spontaneous and exothermic process. Finally, the result of the present work could provide strong
evidence of the potential of NASIF adsorbent for eliminating MB from aqueous media.

Keywords: Solanum incanum; isotherm; adsorption; mechanism; methylene blue; exothermic

1. Introduction

Synthetic dyes are colored organic compounds released in wastewater from different
industries such as cosmetics, textiles, rubber, printing, leather, plastics, paper, printing,
and pharmaceutical, which cause a series of serious hazards to our water resources [1–3].
Methylene blue (MB), Rhodamine B (RB), Malachite green (MG), crystal violet (CV), etc.,
are water-soluble dyes and have stable physical and chemical properties, and are difficult
to degrade [4]. Methylene blue (MB), known as methyl thioninium chloride, is a cationic
thiazine dye with the molecular formula [C16H18N3SCl] [5]. It was widely used in many
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industries, as mentioned above. Excessive release of MB dye causes abnormal colorization
of surface water, hinders sunlight penetration, and reduces oxygen dissolution, which
affects the photosynthesis of aquatic plants [6]. Therefore, dye molecules cause serious
threats to the environmental system and health of humans that include carcinogenicity,
dysfunction of the brain, kidneys, and liver [7–9]. A large amount of MB (more than
7.0 mg kg−1) can lead to mental disorders, high blood pressure, abdominal pain, and
nausea [10]. Even low concentrations are very hazardous to the environment aquatic. Due
to its harmfulness, it is important to remove these pollutants before their discharge into
the environment.

Various approaches include photocatalytic degradation [11], ozone-based processes [12],
membrane separation [13], free radical degradation [14], coagulation [15], chemical oxi-
dation [16], and adsorption [17,18], etc. Among these approaches, adsorption has been
considered as one of the most efficient methods for the removal of pollutants due to its low
cost, high specific adsorption performance, economic method with efficient performance,
high efficiency, and non-toxic adsorbents [19–21].

Various materials, either synthetic or natural, have been used for the elimination of
MB dye from aqueous media. Materials with good adsorption performance, low cost, and
natural affinity to pollutants are desired in the choice of adsorption materials, therefore,
all these characteristics are found in bio-adsorbents. Additionally, biosorbents have nu-
merous important characteristics such as eco-friendliness, biocompatibility, availability,
and feasibility: hence their potential adsorption capacity to remove toxic pollutants from
wastewater. Various biosorbents such as sugarcane Bagasse [22], Terminalia catappa (TC)
shells [23], Guava leaves [24], phoenix tree leaf powder [25], Platanus orientalis leaves [26],
Rhus Coriaria L [27], Casuarina equisetifolia pine [5], have been employed in the removal of
methylene blue from aqueous solutions.

Solanum incanum is a perennial that grows naturally in southern Saudi Arabia and
other countries (Tanzania, Kenya, Uganda, Australia, India, and Madagascar) [28]. The
leaves and stems are yellowish-brown in color when ripe and they have small thorns,
and the fruits are often 2–3 cm in diameter. Solanum incanum is used as medicine for
managing hepatitis and reducing the risk of high blood pressure. Solanum incanum presents
itself as a potential bio-adsorbent, owing to its wide availability in nature and with the
objective of adding value to biomass in the polluted water treatment sector. To the best of
our knowledge, there is no evidence from many studies on the potential use of activated
Solanum incanum with H2O2 as a bio-adsorbent in the treatment of wastewater.

The aim of the present work was to activate Solanum incanum leaves and flowers by
chemical activation with H2O2 and NaOH reagent to increase oxygen-containing functional
groups on their surface and thus enhance the adsorptive properties. The activated adsor-
bents were characterized by SEM, EDX, elemental mapping, and FTIR. To the best of our
knowledge, NASIF adsorbent has not been used yet for dye removal from aqueous media.
The effects of contact time, adsorbent dose, initial MB concentration, and temperature on
the removal of MB dye were achieved through the batch method. The kinetics and isotherm
of MB adsorption on NASIF were investigated. The thermodynamic parameters have also
been calculated. Additionally, the possible mechanisms for MB dye adsorption onto NASIF
adsorbent were discussed.

2. Experiment
2.1. Chemicals and Instrumentation

All chemicals were used as received. Methylene blue (MB) and Rhodamine B (RB)
dyes were obtained from Sigma Aldrich. Sodium hydroxide (NaOH), hydrochloric acid
(HCl), and nitric acid (HNO3) were obtained from BDH, England. Deionized water was
used in this work. The analysis of functional groups of UTSIF, NASIF, and MB-saturated
NASIF were performed using Fourier transform infrared spectroscopy (Nicolet iS50 FTIR,
Thermo Scientific). The surface morphological features of UTSIF, NASIF, and MB-saturated
NASIF were analyzed with scanning electron microscopy, and Energy-dispersive X-ray
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spectroscopy (Model JEM-2100F, JEOL, Japan). The MB and RB concentrations in the
solutions were determined using a UV–Vis spectrophotometer (Perkin Elmer, 900T).

2.2. Chemical Treatment

For the present study, Solanum incanum leaves (SIL) and Solanum incanum flowers (SIF)
were collected from Albaha region in Saudi Arabia. SIL and SIF materials were washed
several times with deionized water to remove any adhering dirt. Then, the washed SIL
and SIF were oven-dried at 100 ◦C for 24 h. Next, the dried SIL and SIF were crushed
separately in the grinder to obtain fine powder. Chemical surface oxidation was carried
out by immersing the SIF and SIL separately in 200 mL of 10% H2O2 under stirring for
24 h at room temperature, which developed surface functionalities and enhanced the
adsorptive properties [29,30]. After that, SIF and SIL powders were washed several times
with deionized water and then filtered. The SIL and SIF were activated separately with a
1 M NaOH (200 mL) solution for 24 h. They were then washed off with deionized water,
filtered, and dried in an oven at 50 ◦C for 24 h to obtain NaOH-activated Solanum incanum
leaves (NASIL) adsorbent and NaOH-activated Solanum incanum leaves (NASIF) adsorbent.

2.3. Batch Adsorption Studies

Initial evaluation of the Solanum incanum flower (SIF), Solanum incanum leaves (SIL),
NaOH-activated Solanum incanum flower (NASIF), NaOH-activated Solanum incanum flower
(NASIL) adsorbent for adsorption of MB and RB dyes was conducted via batch adsorp-
tion experiments. The MB dye adsorption experiment performed was achieved under
different operating parameters such as concentration (50–300 mg/L), various temperatures
(25, 35, and 45 ◦C), reaction time (5–210 min), and adsorbent dosage (5–100 mg). A stock
MB solution for the adsorption tests was prepared by dissolving MB in certain deionized
water and then diluted to the desired MB concentrations. The original pH of the MB
dye stock solution was approximately 6.5. All experimental solutions in this study were
performed at pH 6.5 without any adjustments. A 40 mg sample of NASIF was charged into
a conical flask containing 50 mL of MB (50 mg/L) and then the suspension was allowed to
equilibrate using a shaker at room temperature for 100 min. After that, the suspension was
separated by centrifuging at 5000 rpm for 10 min. Finally, the concentrations of MB and
RB were measured using UV–Vis spectrophotometer at 663 nm and 556 nm, respectively.
The removal efficiency of dyes and adsorption capacity of adsorbents were calculated by
Equations (1) and (2), respectively.

% adsorption =
Co −Ce

Co
× 100 (1)

qe = (Co −Ce)
V
m

(2)

where Co is the concentration of the initial dyes; Ce (mg/L) is the equilibrium dye concen-
tration; m (g) is the adsorbent mass and V (L) is the dye solution volume.

3. Results and Discussion
3.1. Bio-Adsorbent Characterization

The FTIR technique is an effective technique to identify functional groups of adsor-
bents. The FTIR spectra of UTSIF, NASIF, and MB-saturated NASIF are presented in
Figure 1. The FTIR spectra of UTSIF powder show distinct peaks at 3438, 3013, 2931, 2852,
1741, 1624, 1459, 1375, 1265, 1157, and 1105 cm−1. In detail, the broad peak at 3438 cm−1 is
due to –OH stretching vibration of carboxylic acids and phenols in lignin, cellulose, and
hemicellulose, suggesting the existence of hydroxyl and carboxylic acid on the surface of
UTSIF and NASIF. This band increased in intensity with a small shift to 3443 cm−1 after
chemical activation [23,26,31]. The peaks at 3013, 2931, and 2852 cm−1 were attributed to
the stretching vibration of =C-H aromatic, asymmetric, and symmetric –C-H in methylene
groups, respectively [32]. The strong peaks at 1741 and 1624 cm−1 were due to the C=O (car-
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bonyl, carboxyl) extending vibrations of keto-carbonyl gatherings and C=C bond [2,33,34].
After chemical modification (NASIF) the intensity of this peak increased. The peaks at
1454 cm−1 were due to bending vibrations of the aliphatic C–H bonds or carboxylate asym-
metric. This peak sharply increased in intensity and shifted to 1462 cm−1. In addition, a
new peak appeared at 1520 cm−1 due to an increase in the oxygen-containing functionalities
on the surface of NASIF. The peaks at 1375 cm−1, 1265 cm−1, and (1157–1105 cm−1) were
assigned to C-N, C-O, C-O-C bonds [33,35]. A new peak that was observed at 874 cm−1

and 812 cm−1 (after chemical activation) was due to the out-of-plane bending of aromatic
C–H [36,37]. Characteristic changes observed in the FTIR spectrum of NASIF after MB
adsorption indicated that some peaks increased/decreased in intensity and shifted or
disappeared. In detail, the intensity of the –OH and C=O groups shifted to 3424 cm−1

and 1735 cm−1 due to bending of –OH and C=O groups on the surface of NASIF with
R(CH3)2N+ sites of MB by electrostatic interactions and H-bonding [35]. In addition, the
intensity at 1658 cm−1 increased and shifted to 1606 cm−1, which indicates π-π interactions
between the aromatic ring molecule in the NASIF adsorbent and the benzene ring in the
MB molecule. Also, a peak of 1520 cm−1 disappeared after MB adsorption onto NASIF
surface adsorbent. Furthermore, the peak at 874 cm−1 was increased in intensity and
shifted to 869 cm−1 due to H-bond formation between the N atoms of MB and H atoms of
NASIF [38]. The observation supports interaction of MB with functional groups of NASIF
via electrostatic, H-bonding, n-π interactions, and π-π interactions.
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Figure 1. FTIR spectra of UTSIF, NASIF, and MB-saturated NASIF.

Figure 2 shows the morphology of UTSIF, NASIF, and MB-saturated NASIF. The
surface of UTSIF shows a rough surface with pores and cracks (Figure 2a). After chemical
activation, the porosity of NASIF surface increased (Figure 2b). After MB-saturated NASIF,
the surface is covered and looks like a multilayered structure (Figure 2c). Thus, the SEM
images of NASIF before and after MB-saturated NASIF display the differences in surface
morphologies of these two adsorbents. The EDX of UTSIF adsorbent showed the existence
of elements, mainly C (63.32%) and O (34.48%), with very trace elements of K and Ca
(Table 1). The elemental mapping was carried out to identify the elements present in
UTSIF, NASIF, and MB-saturated NASIF; therefore, the elemental mapping analysis in
(Figure 3a) supports the presence of C, O, and other elements on the surface of the UTSIF
adsorbent. After the chemical activation of UTSIF with H2O2 and NaOH (Table 1), it was
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observed that the weight% of oxygen increased to 44.08% while the weight% of carbon was
reduced to 54.32%, indicating improved oxygen-containing functionalities on the surface
of NASIF. The elemental mapping analysis confirms the distribution of elements after
chemical activation; it was seen that the distribution of oxygen increased on the surface of
the NASIF adsorbent (Figure 3b). After MB dye-saturated NASIF (Figure 4, a new peak
of sulfide and nitrogen appeared with 0.81% and 0.02%, respectively (Table 1), indicating
successful MB dye adsorption on NASIF adsorbent. The mapping results indicated the
distribution of new elements (sulfide and nitrogen) over the NASIF surface (Figure 3c).
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Table 1. Elemental analysis data.

Sample
Elemental Content (Wt.%)

C O Ca K Cl S N

UTSIF 63.14 34.48 0.76 1.36 0.25 - -
NASIF 54.32 44.08 1.50 0.02 - - -

MB-saturated NASIF 66.97 32.14 - - 0.07 0.81 0.02
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3.2. Adsorption Studies
3.2.1. Selectivity Studies of Adsorbent

Four adsorbents—UTSIF, UTSIL, NASIF, and NASIL—for the adsorption of cationic
dyes (MB and RB dyes) from aqueous solutions were tested under specific condition
parameters (dose: Co: 50 mg L−1; m: 40 mg; T: 25 ◦C; t: 24 h; pH: 6.5), as shown in Figure 5.
The outcomes revealed that the four adsorbents show greater adsorption ability toward
MB dye (95.6–99.0%) compared to RB dye (1.99–17.78%). In addition, the performance
of NASIF and NASIL adsorbent was better than untreated UTSIF and UTSIL adsorbents
toward the adsorption of MB dye. The high removal efficiencies of MB dye onto NASIF
and NASIL adsorbents owes to the use of H2O2 and NaOH as activation agents [39,40].
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3.2.2. Effect of Adsorbent Dose

The influence of adsorbent amount in the range from 0.05 mg to 0.1 mg on the adsorp-
tion process of MB using NASIF adsorbent has been examined as presented in Figure 6a.
The result exhibited that the removal efficiency of MB dye increases significantly from
46.04% to 93.62% when the NASIF adsorbent mass rises from 0.01 g to 0.04 g. By improving
the adsorbent amount, more adsorption active sites are available on the NASIF surface for
interaction with MB molecules [9]. After this dose, no significant improvement in removal
efficiency was observed. Oppositely, the adsorption capacity of NASIF adsorbent reduced
significantly to 57.07 mg/g with the amount of NASIF adsorbent increasing to 0.04 g, due
to the adsorption capacity being inversely proportional to the mass as per Equation (2) [41].
In addition, the rise in the amount of NASIF adsorbent may result in the aggregation of
adsorbent and lead to some of the adsorption active sites overlapping, decreasing the
adsorption capacity. These findings were similar to previous studies [2,42]. Thus, 40 mg of
NASIF adsorbent was the optimum adsorbent dose in the subsequent studies.
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3.2.3. Effect of Contact Time

The time-dependent adsorption capacity of NASIF was studied under different contact
times (up to 210 min) and different MB concentrations (50, 75, 100, and 125 mg/L) as
presented in Figure 6b (pH: 6.5; T: 25 ◦C; m: 0.04g). There is a rapid removal efficiency of
MB dye (47.72%) within 5 min of the adsorption process due to the availability of abundant
active sites on the surface of NASIF adsorbent. The adsorption capacities increased from
29.82 mg/g to 51.83 mg/g at 50 mg/L, 38.14 mg/g to 78.90 mg/g at 75 mg/L, 46.35 mg/g
to 99.66 mg/g at 100 mg/L, and 43.92mg/g to 111.63 mg/g at 125 mg/L as the contact
time increased from 5 min to 120 min, respectively. After 120 min, the adsorption capacity
became almost constant. Therefore, an optimum time of 120 min for MB was selected in
the subsequent studies. A similar result has been detected in the adsorption of MB dye by
different bio-adsorption materials [43,44].

3.2.4. Effect of Initial MB Concentration

The influence of various concentrations of MB dye (50 to 300 mg/L) on the adsorp-
tion process at various temperatures (25 to 45 ◦C) were investigated (pH: 6.5; m: 0.04 g;
t: 120 min), as indicated in Figure 7a. According to Figure 6a, with the initial MB concentra-
tion increasing from 50 to 300 mg/L, adsorption capacities of NASIF adsorbent improved
from 55.38 mg/g to 127.46 mg/g at 25 ◦C, 51.76 mg/g to 121.30 mg/g at 35 ◦C, and
46.54 mg/g to 112.90 mg/g at 45 ◦C. The increase in adsorption capacity with increasing
initial MB concentrations was attributed to the driving force increases [45].
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3.2.5. Effect of Temperatures

The effect of various temperature (25, 35, 45 ◦C) on the adsorption process of MB using
NASIF at various concentrations (50, 75, and 100 mg/L) under fixed condition parameters
(pH: 6.5; T: 25 ◦C; m: 0.04 g; t: 120 min) adsorbent was studied as shown in Figure 7b.
The results show that the adsorption ability of MB dye was reduced from 55.38 mg/g to
46.64 mg/g by increasing the test solution temperature from 25 ◦C to 45 ◦C at 50 mg/L,
which shows that the adsorption of MB onto NASIF adsorbent is an exothermic process.
This may be due to the destruction of binding sites between MB dye and NASIF adsorbent
at 45 ◦C. This outcome is consistent with the literature reported in [41].

3.3. Adsorption Modeling
3.3.1. Isotherm Modeling

To study the adsorption behaviors of NASIF toward MB dye and mechanism adsorption,
three nonlinear isotherm models (Langmuir Equation (3) [46], Freundlich Equation (4) [47],
and D–R (Equations (5)–(7)) [48] isotherm models) were applied. The model parameters at
different temperatures are presented in Table 2.

Table 2. Nonlinear isotherm models for MB adsorption on NASIF adsorbent.

Model
Temperature (K)

298 308 318

Langmuir
qm, mg/g 135.24 132.35 124.11
KL (L/mg) 0.1262 0.0885 0.0266

R2 0.98328 0.9484 0.94235
Freundlich

Kf, (mg/g) (L/mg)1/n 52.38 45.26136 36.03004
n 5.524 5.019 4.434

R2 0.8073 0.7598 0.8016
Dubinin–R

qs, mg/g 120.14 117.34 109.47
KD-R (mol2 kJ−2) 15.235 33.422 61.739

E (kJ mol−1) 0.1812 0.1223 0.0900
R2 0.8312 0.8988 0.96173
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qe =
qmKLCe

1 + KLCe
(3)

qe = KF Ce
1/n (4)

qe = qs e−KD−R ε2
(5)

ε = RTln
(

1 +
1

Ce

)
(6)

E =
1√

2KD−R
(7)

where, qe (mg/g); qm (mg/g); Ce (mg/L) represent the equilibrium adsorption capacity,
maximum adsorption capacity at monolayer adsorption, and MB molecule concentration at
equilibrium, respectively. KL (L/mg); KF (mg/g) (L/mg)1/n; KDR (mol2/kJ2) represent the
Langmuir constant, Freundlich constant, and D–R constant related to the adsorption energy,
respectively. Variables n; E; E(kJ/mol) represent the Freundlich isotherm intensity, Polanyi
potential, and free energy, respectively. From Table 2 and Figure 8a–c and based on R2,
the adsorption data were observed to fit the Langmuir isotherm (R2 = 0.98328) compared
to the other models (D–R (R2 = 0.8312), and Freundlich (R2 = 0.8073)), indicating that the
adsorption process can be described as monolayer adsorption and homogeneous surface
with maximum monolayer capacity (135.24 mg/g). Based on Langmuir, the qm values
decreased with rising temperature, which emphasized that MB adsorption by NASIF is
an exothermic reaction. Based on the D–R model, the adsorption free energy (E, kJ mol−1)
values were in the range of 0.090–0.1812 kJ mol−1, which indicated that MB adsorption
onto NASIF may belong to physical adsorption [49]. Based on the Freundlich isotherm,
the n values were in the range at different temperatures, which indicates a favorable
adsorption process [50].

3.3.2. Kinetics Modeling

To understand the mechanism of MB adsorption onto NASIF and estimate the efficiency
of the NASIF, two nonlinear kinetics models (pseudo-first-order (PFO) Equation (8) [51], and
pseudo-second-order (PSO) Equation (9)) were applied.

qt = qe

(
1− e(−k1t)

)
(8)

qt =
q2

ek2t
1 + qe k2 t

(9)

where, k1 (1/min) and k2 (g/mg*min) represent the PFO and PSO constant, respectively.
The parameters with coefficient of determination (R2) values at various MB concentrations
(50, 75, 100, and 125 mg/L) are summarized in Table 3. Based on R2 (Table 3 & Figure 8d),
the MB adsorption onto NASIF was found to be more suited to the PSO kinetic model
compared to PFO kinetic model at different MB concentrations (50, 75, 100, and 125 mg/L),
which suggests the effect of chemical interactions in the adsorption process. In addition,
the value of experimental qe (qeexp) for NASIF toward MB dye adsorption was 53.06 mg/g,
which, being close to the calculated qe (qecal) = 53.74 mg/g at initial MB concentration
(50 mg/L), confirmed the adsorption process followed by the PSO kinetics.
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Table 3. Nonlinear kinetics model for MB adsorption on NASIF adsorbent.

Co
(mg/L)

qe,exp
(mg/g)

Pseudo-First-Order Pseudo-Second-Order

qe1,cal.
(mg/g)

K1
(1/min) R2 qe2,cal.

(mg/g)
K2

(g/mg-min) R2

50 53.06 50.1621 0.10976 0.93103 53.747 0.00319 0.9797
75 81.120 77.211 0.09167 0.95806 83.703 0.00161 0.9932

100 101.95 97.422 0.07849 0.95888 106.51 0.00106 0.9906
125 113.65 109.799 0.05836 0.96728 122.28 0.00065 0.9903

3.3.3. Thermodynamics Modeling

The thermodynamic analysis provides important insights into the adsorption nature
and mechanism of adsorption. Therefore, the effect of solution temperature on MB ad-
sorption onto NASIF was achieved through thermodynamic properties, as summarized
in Table 4. Thermodynamic parameters including enthalpy change (∆H◦, kJ/mol) and
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entropy change (∆S◦, kJ/mol·K) were calculated using van’t Hoff equation Equation (11),
while the free energy change (∆G◦, kJ/mol), was calculated using Equation (10) as follows:

∆G◦ = −RT lnKc (10)

lnKc = −∆H
◦

RT
+

∆S
◦

R
(Van’t Hoff equation) (11)

where T is the solution temperature (K); R is the universal gas constant (8.314 J/mol·K);
Kc = qe/ce (L.g−1) represents the thermodynamic equilibrium constant [52]. Figure 9
demonstrates the relevant van’t Hoff plots. From Table 4, a negative ∆H◦ suggests that
the interaction of MB dye adsorbed by NASIF is exothermic, which is supported by the
reducing adsorption of MB onto NASIF with the temperature rise. The values of ∆H◦ were
lower than 40 kJ mol−1, further confirming that the MB adsorption onto NASIF belongs to
the physisorption process [53]. The ∆S value was negative, which indicates the decrease in
randomness at the solid-solution interface between NASIF and MB solution. Negative ∆G◦

under different temperatures (25, 35, 45 ◦C) indicates a spontaneous adsorption process.

Table 4. Thermodynamics parameters for the adsorption of MB on NASIF adsorbent.

Concentration of CV
Dye (mg/L)

(−)∆H◦

(kJ/mol)
(−)∆S◦

(J/mol.K)
(−)∆G◦ (kJ/mol)

298 K 308 K 318 K

50 38.34 109.68 5.63 4.59 3.44
75 22.97 61.80 4.59 3.86 3.37

100 17.13 44.30 3.910 3.52 3.02
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3.4. Comparison with Other Adsorbents

The adsorption capacity of NASIF adsorbent toward the elimination of MB dye from aque-
ous solutions was compared to other bio-adsorbents, as presented in Table 5 [1,5,23,26,54–57].
The comparison indicates that the adsorption capacities of NASIF adsorbent were higher
than those reported in many studies, due to increasing the oxygen-containing functionalities
on the surface of NASIF by chemical activation with H2O2/NaOH reagents.
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Table 5. Comparison of the maximum bio-adsorption capacities (qm) of NASIF for MB adsorption
from different biomaterials.

Adsorbent qm (mg/g) Ref.

Salix babylonica 42.74 [1]
Casuarina equisetifolia pines 41.35 [5]

Terminalia catappa (TC) shells 88.62 [23]
Platanus orientalis leaves 114.94 [26]

Ficus carica bast 47.6 [54]
Carica papaya wood 32.25 [55]
Pinus durangensis 102 [56]

Casuarina equisetifolia pine/H2SO4 42.19 [57]
NASIF 135.24 This study

3.5. Adsorption Mechanism

The mechanism of MB dye adsorption onto NASIF was shown in Figure 1. To support
the hypothesis given in Figure 1, FTIR analysis of the NASIF-loaded MB was conducted
which suggest that the adsorption mechanism of MB on NASIF adsorbent mainly includes
electrostatic attraction, n-π interaction, π-π interaction, and hydrogen bonding. There
were distinctive changes observed in the FTIR spectrum of NASIF after MB adsorption
indicated that some peaks increased/decreased in intensity and shifted or disappeared.
In detail, the intensity of the –OH and C=O groups shifted from (3438 to 3424 cm−1) and
from (1741 to 1735 cm−1), respectively. This shifting is due to the interactions of –OH
and C=O groups on the surface of NASIF with R(CH3)2N+ sites of MB by electrostatic
interactions and H-bonding [35]. In addition, the intensity at 1658 cm−1 increased and
shifted to 1606 cm−1, which indicates π-π interactions between the aromatic ring molecule
in the NASIF adsorbent and the benzene ring in the MB molecule. Further, the peak at
874 cm−1 increased in intensity and shifted to 869 cm−1 due to H-bond formation between
the N atoms of MB and H atoms of NASIF [38]. Also, a peak at 1520 cm−1 disappeared
after MB adsorption onto NASIF surface adsorbent, which suggests the formation of a n-π
type interaction through donation of electron(s) from the oxygen in the carbonyl group
present in the NASIF surface to the electron acceptors’ aromatic rings in the MB dye [58,59].
These changes observed in the spectrum suggest interactions of MB dye with the functional
groups of the NASIF in the adsorption process [21].

4. Conclusions

A new adsorbent, NaOH-activated Solanum incanum flower powder (NASIF), was
successfully prepared by chemical activation method (H2O2/NaOH) as an inexpensive
and effective adsorbent for the removal of methylene blue (MB) from aqueous media.
The characterization of NASIF adsorbent was evaluated using FTIR and SEM, EDX, and
elemental mapping. These technical results confirmed the adsorption of MB onto the
NASIF adsorbent surface. The isothermal parameters indicated that the Langmuir model
fit better than the Freundlich and D–R models, which confirmed the monolayer adsorption
capacity of MB onto NASIF adsorbent. The MB adsorption onto NASIF adsorbent obeys
the PSO kinetic model. The optimum conditions for NASIF adsorption of MB were contact
time: 120 min; pH: 6.5, adsorbent dose: 40 mg; temperature-25 ◦C, with a maximum
monolayer capacity of 135.24 mg/g. The D–R model revealed that the adsorption free
energy (E, kJ mol−1) values were in the range of 0.090–0.1812 kJ mol−1, which indicated
that MB adsorption onto NASIF may belong to physical adsorption. The adsorption of
MB onto the NASIF adsorbent surface occurred by electrostatic attraction, π-π interaction,
n-π interaction, and H-bonding. Negative ∆H and ∆G values indicate that the adsorption
process was exothermic in nature and spontaneous.
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Abstract: The use of dyes dates to ancient times and has increased due to population and industrial
growth, leading to the rise of synthetic dyes. These pollutants are of great environmental impact and
azo dyes deserve special attention due their widespread use and challenging degradation. Among
the biological solutions developed to mitigate this issue, bacteria are highlighted for being versatile
organisms, which can be applied as single organism cultures, microbial consortia, in bioreactors,
acting in the detoxification of azo dyes breakage by-products and have the potential to combine
biodegradation with the production of products of economic interest. These characteristics go hand
in hand with the ability of various strains to act under various chemical and physical parameters,
such as a wide range of pH, salinity, and temperature, with good performance under industry,
and environmental, relevant conditions. This review encompasses studies with promising results
related to the use of bacteria in the bioremediation of environments contaminated with azo dyes in
the most diverse techniques and parameters, both in environmental and laboratory samples, also
addressing their mechanisms and the legislation involving these dyes around the world, showcasing
the importance of bacterial bioremediation, specialty in a scenario in an ever-increasing pursuit for
sustainable production.

Keywords: sustainability; effluent treatment; dyes; bioremediation; bacteria; wastewater; textile;
consortium; BES; bioreactor

1. Introduction

The use of dyes for the aesthetic improvement of objects is an ancient practice, with
historical records indicating that dyes of natural origin were already in use 3500 years
BC. In the beginning, the coloring agents available (dyes and pigments) were only of
natural origin, obtained from mineral sources, vegetables—such as those found in Mediter-
ranean (Rubia tinctorum) and Brazilwood (Paubrasilia echinata)—which are mostly repre-
sented by chemical groups of naphthoquinones, anthraquinones and flavonoids, and
those obtained from animals, such as those extracted from some insect species, like the
cochineal (Dactylopiidae coccus). The coloring obtained with these dyes was applied to uten-
sils, weapons, and dwellings, among others, having aesthetic and cultural importance [1,2].

From ancient times to the present moment of our history, dyeing technology has
evolved with the discovery of new matrices and raw materials and the synthesis of new
pigments and dyes. In 1856 a major discovery was accidentally made by William Henry
Perkins, when he synthesized what came to be the first synthetic dye in history, mauvein [3].
Synthetic dyes have largely replaced natural dyes over the years due to their wide range
of colors, cost-effectiveness, and resistance to fading by sunlight, water, perspiration, and
different chemicals [4].
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It is estimated that around 10,000 different dyes are currently being produced on an
industrial scale, with an annual worldwide production volume of around 700,000 tons
and about 10 to 15% of those are discarded into nature. This scenario generates serious
consequences for the contaminated environment, such as interference with the entry of
sunlight into the water, influencing photosynthetic organisms, causing damage to the
oxygen level of the water, metabolic stress, neurosensorial damage, flora necrosis, death,
and decreased growth of fauna, among others. Moreover, humans are also potential victims
of these compounds, when discharged into nature without treatment, and can be quite
toxic, either by oral or respiratory ingestion as well as mere skin contact [2,5,6]. The toxic
effects of azo dyes, in particular their ability to promote mutations, are related both to the
dyes themselves and to metabolites released upon their breakage or degradation, such as
aromatic amines. The possibility of the dye breaking down and releasing these carcinogenic
amines on contact with saliva or gastric juice is one of the factors evaluated in classifying
the dyes as potentially hazardous to health. However, when ingested, the dye can also
be reduced by the action of intestinal bacteria and, possibly, by the enzyme azoreductase
present in the liver or intestinal wall, showing how complex the remediation of these toxins
can be [7].

Therefore, it is necessary to understand the risks associated with the discarding of these
dyes in the environment without prior treatment and how the use of microorganisms in the
bioremediation of these contaminants is a viable alternative. The objective of this review is
to evaluate the degradation of azo dyes specifically by bacteria, as well as the factors that
influence these biological processes and the microbial mechanisms involved. In order to
raise awareness about the importance of preventive measures in the discharge of untreated
dyes, and some cases in which contamination by these pollutants was found in effluents
are also presented, illustrating the importance, and urgency, of bacterial bioremediation for
this sector.

2. Azo Dyes

The substances used to add color to many kinds of products are called colorants and
include both the class of dyes and pigments. Pigments are mainly inorganic salts and
oxides, insoluble in the substrate and commonly dispersed in crystal particles or powder
form for application. Dyes, on the other hand, usually refer to organic substances that are
soluble in the substrate and dispersed at the molecular level. Dyes promote more vivid
colors than conventional pigments, and the characteristics of dyes depend primarily on
their chemical structure, while for pigments the physical characteristics of their particles
also influences the final color. Some examples of dyes are the azo, coumarin, and perylene
groups [8].

Azo dyes are synthetic and organic chemical compounds applied in medicines, food,
cosmetics, fabrics, among other products. These chemical classes are widely used in the
dyeing industry and are present in 50–65% of commercial formulations, this is because
of their stability and chemical versatility, having high fixation and resistance to light and
moisture. These characteristics impact directly on their degradation in the environment,
which has been a challenge [9,10].

The compounds of the azo group are chemically represented as (R-N = N-R’), with
(-N = N-) being the chromophore group referred to as azo. According to the classification
carried out by the International Union of Pure and Applied Chemistry (IUPAC), these
compounds are derived from diazine HN = NH with substitution of hydrogens by hydro-
carbyl, azobenzene, or diphenyldiazene groups, and may contain one to three azo bonds
linking phenyl and/or naphthyl rings, which may be substituted by groups such as amino,
chloro, nitro, and hydroxyl. They are characterized by their strong coloration and comprise
approximately two-thirds of the synthetic dyes produced today, besides being the class
of commercial organic dyes with the greatest structural diversity and the widest range of
use [11,12].
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However, the major problem related to the untreated disposal of these dyes in nature
is that they and their byproducts, produced by the breakage of their azo bonds (aromatic
amines), have been classified as highly carcinogenic compounds, representing a great risk
to humans [13]. Thus, the search for ways to treat industrial effluents, especially those
containing dyes of this class, has received much attention worldwide. Among the proposed
solutions are chemical, physical, and biological processes. In this scenario bioremediation
has received much attention for its lower costs compared to other mechanisms and high
effectiveness in decoloring dyes in the affected environment, as well as generating less eco-
logical impact. Among these biotechnological solutions we have the use of microorganisms,
including bacteria [14].

Many bacteria have developed systems for decolorizing azo dyes contaminated
medium, usually based on enzymatic mechanisms. However, the efficiency of these
mechanisms depends on physicochemical parameters that may limit their activity, such as
level of agitation, temperature, pH, dye concentration, structure of the dye, oxygen level,
and carbon and nitrogen sources [4]. Different combinations of these parameters lead to
different results in dye decolorization and degradation by influencing enzyme activity and
microbial growth and maintenance in the medium. Understanding these relationships
is crucial for improving the bioremediation process for a certain technique or bacterial
strain, considering that these parameters in the environment can vary significantly in a
few hours and that some dyes, as well as breakdown byproducts, can be toxic for the
microbial population. In a laboratory environment it is important to consider that microbial
metabolism can alter its degradation activity by nutrient depletion and variation in oxygen
levels, for example, which do not necessarily represent real conditions. All of the factors
mentioned above can prevent the complete breakdown of dyes and, consequently, the
complete decolorization of the medium, since the mineralization efficiency of contami-
nating compounds relies on the capacity of the microorganism of performing a suitable
metabolic response to degrade the contaminant under given environmental conditions, it is
also necessary that these organisms are in sufficient concentration to proper handle with
the entire amount of dye on the environment [15].

The bacterial degradation of azo dyes typically involves a two-step process, the first
being a reductive cleavage of the azo bonds, leading to the formation of aromatic amines,
which are potentially toxic and the second step is based on the degradation of these
aromatic amines. The bacterial degradation process can occur in the presence or absence
of oxygen; however, the biodegradation of these amines happens almost exclusively by
aerobic processes. Considering this, the ideal method for the treatment of industrial waste
contaminated by azo compounds is a combination, in the same process, of anaerobic and
aerobic steps for the safest and most efficient removal of environmental and human risk
factors related to these compounds [16].

Many the azo dyes and their breakdown molecules present toxicity, showing muta-
genic and carcinogenic effects, affecting animals, plants, and humans alike, with harmful
effects varying with the structure, reactivity, and substitution groups of the dyes. The toxic
aromatic amines from dye breakdown are resistant to classical effluent treatment, persisting
longer than the dyes and an increase in concentration of these substances in the medium
may impair the dye degradation process because of their toxicity to bacterial life itself. Still,
there are some microorganisms capable of producing enzymes that degrade these amines
in an aerobic environment. For humans, inhalation and oral ingestion of the dyes and their
by-products are the primary means of exposure that can lead to acute toxicity [17,18].

The toxicity assessment of the dyes and their by-products can be done using different
techniques, which vary in sensitivity, resolution, and cost. Analyses using techniques such
as Gas Chromatography–Mass Spectrometry (GC-MS) and Fourier-Transform Infrared
Spectroscopy (FTIR) can be performed to confirm the degradation of the dye and/or
the presence of aromatic amines, and then the medium containing the by-products of
dye degradation is used in tests that evaluate possible negative biological effects being
biotoxicity and phytotoxicity assays most often used for this purpose [19]. Another way
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to evaluate toxic effects is to expose the living organism to a solution containing different
concentrations of dye, also evaluating chronic exposure to these contaminants [20], other
toxicity tests that can be performed for these pollutants, including tests performed on
human cells [21], with several studies proving the toxic, mutagenic, and carcinogenic
effects of dyes and their by-products using plant and animal tests [19–24].

Legislation on the Use and Disposal of Dyes

Over the years the concern regarding the impact of human activities on the environ-
ment, especially industrial ones, has grown considerably. In view of this, standards on what
is acceptable regarding not only the discarding of potentially toxic substances and waste in
nature, but the industrial application of these dyes in some products have been regulated
and even prohibited, and control agencies were created for monitoring and enforcing laws
of this nature [25].

In the European Union there are some regulations on the use of azo dyes in consumer
products, from clothing and toys, to cosmetics, and food, which obviously has stricter
guidelines and norms. REACH (Registration, Evaluation, Authorization, and Restriction of
Chemicals) lists 24 types of aromatic amines considered hazardous to humans and prohibits
the use of azo dyes that produce 30 mg/kg or more of these amines in products that may
have direct and prolonged contact with human skin. REACH also lists other colorants
that are restricted for use in these same products when in concentrations above 0.1% of its
weight. The EN-71 (European Norm 71) deals with the presence of this class of colorants in
toys. The regulations (EC) 1223/2009 and (EU) 10/2011 deal, respectively, with the bane
in the use of o-Dianisdine and Benzidine in cosmetic products and plastic products that
come into contact with foodstuffs, which must keep the release of primary aromatic amines
into the food within the limit of 0.01 mg/kg. There are a number of countries which in
addition have their own legislation covering limitations related to azo dyes and the release
of aromatic amines from them, such as Germany, the Czech Republic, and Switzerland [26].

In the United States there are no laws related specifically to azo dyes or restricting the
use of them, however, there are restrictions on aromatic amines from these dyes. Due to the
political system in the country, many states have their own laws restricting the presence of
certain chemicals in certain products. Some examples that cover aromatic amines derived
from certain azo dyes are California’s Proposition 65, Washington’s Children’s Safe Product
Act, and Vermont’s Act 188 [27].

In Asia, the first example of a country to regulate chemicals, including azo dyes, was
India, with a ban in 1997 on the handling of 112 dyes, including representatives of the
azo group. In this country the list of banned aromatic amines is the same as in REACH
Regulation 1907/2006. Other Asian countries have instituted their own regulations in
which they include restrictions on azo dyes and/or aromatic amines, such as China (2005),
South Korea (2010), Taiwan (2011), and Egypt (2012). In 2014 Japan joined this list when
placed azo dyes as a hazardous substance and restricted the presence of 24 aromatic amines
originated from these dyes in all textiles, leather, or fur products in a concentration of
30 mg/kg or more. This same concentration was used for the limitation of 22 aromatic
amines in a regulation of Vietnam [28–31].

Other countries like Canada, France, Australia, Brazil, Pakistan, Malaysia, Turkey, and
Morocco also have regulations related to industrial effluents that include in their guidelines
specifications related to the color of these effluents which, consequently, also influences the
concentration of dyes allowed in them [25].

Another relevant insight is that many-if not all-regulations of the cited countries also
determine the methods of analysis to which the products will be subjected in order to
determine whether they are in order with the regulations of that country. This is important,
because different analytical methods have different limitations, ranges, sensibilities, and
applications, and these must be considered when carrying out these controls. In addition,
other parameters such as chemical and biological oxygen demand are also subject to
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regulation, and since the presence of azo dyes has an impact on these factors, the use of
these dyes may also be indirectly restricted.

3. Bacteria in the Bioremediation of Azo Dyes

Biotechnology has been widely employed in the search for solutions to the degradation
and elimination of dyes, mainly because biological solutions are effective and generate less
negative impact on the environment [14]. When dealing with biological processes using
bacteria, especially potentially pathogenic genera and species, the concern with a possible
biological impact of them, when introduced into the environment for the bioremediation
process, may arise. To attend to any unwanted negative effects, some strategies can
be used, some of those include: (1) the use of isolated and purified enzymes or other
bacterial products that act on the discoloration without needing the bacterial cell itself [32],
(2) microbial bacteria/consortia isolated from the contaminated environment itself or
similar environments, in order to increase the chance of integration of the bacteria with
the environment and the existing microbiota [33], (3) application of genetic engineering
techniques that can develop bacterial strains with programmed death, stopping bacterial
metabolism in the absence of the target contaminant [34].

Some biological bioremediation systems also have the potential of generating more
than one product, in addition of decolorization, following the example of bioelectrochemical
systems (BES), which helps in mitigating the costs associated with biological processes [35].
Among these solutions we have bioremediation by heterotrophic bacteria, which have, more
broadly, two mechanisms related to the degradation of dyes: biosorption and enzymatic
action [36].

3.1. Bacterial Mechanisms of Azo Dye Degradation
3.1.1. Biosorption

The biosorption is related to both the adsorption and absorption processes, and bacte-
ria capable of performing the removal of dyes by adsorption have already been described
in the literature. Biosorption is directly correlated with the composition of lipids and het-
eropolysaccharides of the cell wall, in which different charged groups generate attractions
between it and the azo dyes, therefore, dead and living cells, in this latter case called
bioaccumulation, have the ability to perform biosorption. Taking into account the range of
charged groups existing in the cell walls of microorganisms and the variety of structures
of the dyes, a microorganism X that adsorbs/absorbs dye A may not adsorb/absorb dye
B, which is processed by a microorganism Y. Pretreatment can promote changes in the
biosorption capacity of cells, optimizing the process and achieving a better fit to a certain
need, among the substances capable of performing these changes are acids, formaldehyde,
bases, among others [36,37].

To be used as biosorbents, dead cells are more advantageous than living cells because
they do not require nutrients, can be stored for a longer time, and can be regenerated by
the application of organic solvents or surfactants. However, biosorption is not the most
suitable mechanism for dye treatment, since the treatment of large volumes of contaminated
material would lead to the generation of large amounts of biomass containing dyes and
possibly other toxic products that should have a proper disposal, i.e., it does not completely
solve the problem, since it often does not destroy the dye, only seizes it in a matrix: the
biomass [37,38].

3.1.2. Enzymatic Degradation

The initial step for the decolorization of solutions with azo dyes, being it waste,
industrial effluents, or environmental samples, is the reduction of the azo bond (-N = N-)
in the chromophore group, this step can occur intra- or extracellularly and involves the
transfer of four electrons in two steps, where in each step two electrons are transferred
from the dye to its final electron acceptor, leading to its decolorization. Some groups
of enzymes already identified as capable of performing this reduction are azoreductases
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and laccases. These two are the most addressed groups in the literature regarding these
decolorization reactions [39,40]. The Figure 1 presents the general action mechanisms
of these two enzymatic groups plus the peroxidase group which also acts on the azo
chromophore group [41–43].
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Figure 1. Schematic representation of three general bacterial enzymatic degradation mechanisms of
azo chromophore group. Firstly, showing the enzymatic degradation by the action of azoreductases—
yellow—in this example using NADH as an essential reducing agent for the cleavage of azo bonds,
generating aromatic amines and thus discoloring the medium. Then—clockwise—we have the
catalytic reaction cycle mediated by laccase—blue—with generation of oxidized substrate instead of
potentially toxic amines, in addition to not requiring cofactors. Finally, peroxidase enzymes—green—
such as lignin peroxidase and manganese peroxidase, two enzymes most commonly used for dye
degradation, illustrating some possible products according to the cleavage of their bonds, which can
be symmetric or asymmetric.

3.1.3. Enzymatic Degradation by Azoreductases

The azoreductases (e.g., EC 1.7.1.6 and EC 1.7.1.17) are the largest group of enzymes
active in the biodegradation of azo dyes. They have the specific activity of reductive cleav-
age of azo bonds, resulting in aromatic amines, but to promote this reaction, azoreductases
require reducing agents, such as FADH2, NADPH, and NADH. They are more related to
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the anaerobic degradation of dyes because the presence of oxygen impairs this azo bond
reduction step by competing for the reducing agents needed as electron acceptors for the
azo bonds, which are also used by aerobic respiration. These enzymes are classified based
on function into flavin-dependent and flavin-independent. The former class is subdivided
into those enzymes that use as coenzymes: (1) NADH only; (2) NADPH only; and (3) both
NADH and NADPH [40,44].

This group is quite varied and, depending on the source in which it is found, i.e., which
organism, and even species, it is obtained from, it is possible to observe differences, such
as in its catalytic activity, cofactor requirement and biophysical characteristics. Because of
it, there is specificity between substrate and the types of azoreductases described so far,
which varies in the requirement for cofactors and reducing agents and in the ability to resist
oxygen [45].

Most azo dyes have a high molecular mass and are unlikely to cross the plasma
membrane of cells. Therefore, microorganisms have a reduction mechanism related to
the electron transport of azo dyes in the extracellular medium, so that there is a need for
connection between the intracellular electron transport system and the dye molecules for
degradation to occur. However, the action of azoreductases in the intracellular medium
has also been identified and enzymes of this group have been found in bacteria, including
in halophilic and halotolerant microorganisms [37,40,44].

3.1.4. Enzymatic Degradation by Laccases

Laccases (EC 1.10.3.2) are oxidases that have multiple structurally attached copper ions
and are of great industrial interest due to their ability to utilize different substrates. They
are able to non-specifically catalyze the degradation of azo dyes by acting on the phenolic
group of the dye using a free radical mechanism that forms phenolic compounds generating
fewer toxic aromatic amines. Moreover, these enzymes do not need other cofactors for
their activation [36,44,46]. Although laccases do not need other cofactors to carry out their
activity, they benefit from their presence in the medium. The presence of redox mediators
can extend the range of dyes that this enzyme can degrade and significantly improve the
degradation of dyes already covered in its range of action [35]. Bacterial laccases have great
potential as biocatalysts due to their properties of high thermal stability, activity over a
wide pH range, and resistance to denaturation by detergents, being already used to remove
textile dyes and treat industrial effluents [46].

3.1.5. Enzymatic Degradation by Peroxidase

Peroxidases (EC 1.11.1) are hemoproteins that catalyze reactions in the presence
of hydrogen peroxide and are mostly present in fungi, but also occur in some bacte-
ria [47]. They possess the ability to degrade a wide range of dyes, as cited by Paszczynski
and co-workers [48], where lignin peroxidase (EC 1.11.1.14) and manganese peroxidase
(1.11.1.13) were indicated as directly involved in the degradation of dyes and xenobiotic
compounds [44]. Another class, versatile peroxidase (1.11.1.16), was pointed out by Ðurd̄ić
and co-workers [49] as having the ability to perform structure breakdown of azo dyes.

3.2. Bacterial Degradation of Commercial Colorants

The occurrence of bacteria in different environments and physicochemical conditions
makes them an interesting focus of prospection (Table 1). In the case of dyes degradation,
a wide range of variables has already been explored and it was identified that this group
of microorganisms can degrade azo dyes under aerobic, microaerophilic, and anaerobic
conditions, as isolated cultures or as microbial consortia, in the presence of various sources
of carbon and nitrogen and in wide ranges of pH, temperature, salinity and other physical-
chemical parameters. In addition, bioreactors have been used in several works in an
attempt to increase the efficiency of the degradation process, especially by immobilization
of microorganism or redox mediators [50].
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Table 1. Dye degradation by bacterial strains—pure cultures—under various medium conditions.

Species Dye
Optimum Values of

Phisicochemical Parameters
for Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum Degradation Reference

Shewanella marisflavi Xylidine Ponceau 2R 20–30% of salinity Flocculation and
Enzymatic China

≈100% (30% of salinity,
anaerobic conditions and

22h incubation)
[51]

Pseudomonas
extremorientalis Congo Red

50 mg/L of dye
concentration, 2.5–5% of
salinity and 0.6 U/mL
enzyme concentration

Enzymatic-Laccase Tunísia

79.8 ± 2.1% (50 mg/L of
dye concentration, 2.5–5%
of salinity, 24h incubation

and 0.6 U/mL enzyme
concentration)

[52]

Aliiglaciecola
lipolytica Congo Red

35 ◦C, <100 mg/L of dye
concentration, 0–1% of
salinity, pH 6–7, >4 g/L

of glucose.

Adsorption and
Enzymatic-Laccase
and Azoreductase

-

>90% (35 ◦C, 25 mg/L of
dye concentration, 1% of
salinity, pH 6 and 4 g/L

of glucose)

[53]

Enterococcus faecalis,
Shewanella indica,

Oceanimonas
smirnovii and
Clostridium

bufermentans

8 different dyes Varied depending of bacteria
strain and dye

Enzymatic-
Azoreductase and
phenol oxidases

China

96.5% (E. faecalis strain and
C. bufermentans with Dye
Acid Orange 7 when pH

ranged from
5 to 8, respectively)

[54]

Bacillus sp. 7 different dyes

50–100 mg/L of dye
concentration, pH 10, 30 ◦C,

with glucose and yeast
extract supplementation.

Enzymatic Ethiopia 100% (pH 10, 30 ◦C, anoxic
and anaerobic conditions) [55]

Aeromonas
hydrophila

Reactive Red 198 e
Reactive Black 5

pH 5.5–10.0, temperature
were and 20–35 ◦C under

anoxic culture

Adsorption and
Enzymatic Taiwan

>90% (pH 5.5–10.0,
temperature were and

20–35 ◦C under
anoxic culture)

[56]

Comamonas sp. Direct Red 5B

pH 6.5, 40 ◦C, static
incubation conditions and

300–1100 mg/L of
dye concentration.

Enzymatic-Laccase
and Lignin
Peroxidase

India
100% (pH 6.5, 40 ◦C

and static
incubation conditions)

[57]

Halomnas sp. Remazol Black B Varied depending of
bacteria strain. - Iran ≈100% (40 ◦C) [58]

Aeromonas sp. Reactive Black Microaerophilic conditions - India ≈100% (Microaerophilic
conditions) [59]

Oerskovia
paurometabola Acid Red 14 Anaerobic conditions Enzymatic Portugal 91% (anaerobic conditions) [60]

Aeromonas
hydrophila,

Lysinibacillus
sphaericus

Reactive Red 195 - Enzymatic-Laccase
and Azoreductase India

91.96% (pH 8, 37 ◦C,
100 mg/L of dye

concentration and
sequential

aerobic-microaerophilic
conditions)

[61]

Bacillus sp. 4 different dyes - Enzymatic-
Azoreductase - - [62]

Bacillus sp. 5 different dyes - Enzymatic-
Azoreductase - - [63]

Aeromonas
hydrophila,

Lysinibacillus
sphaericus

5 different dyes -
Enzymatic-

Azoreductase and
Laccase

India

90.4% (pH 8, 37 ◦C,
100 mg/L of dye

concentration and
sequential

aerobic-microaerophilic
conditions)

[64]

Lysinibacillus
fusiformis Methyl Red

pH 7.5–8, 30 ◦C, 100 mg/L of
dye concentration and

10–20% (v/v) of
inoculum size

Enzymatic-Laccase,
Azoreductase and
Lignin Peroxidase

-

96% (aerobic condition, pH
7.5, 30 ± 2 ◦C, dye

concentration of 100 mg/L
and 10% (v/v)
inoculum size)

[65]

Pseudomonas stutzeri Acid Blue 113 -
Enzymatic-

Azoreductase
and Laccase

India 86.2% (static conditions,
37 ◦C and 300 ppm of dye) [66]
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Table 1. Cont.

Species Dye
Optimum Values of

Phisicochemical Parameters
for Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum Degradation Reference

Aeromonas sp. Methyl Orange pH 6, 5–45 ◦C, 100–200 mg/L
of dye concentration

Enzymatic-laccase,
NADH-DCIP
reductase, and
azo reductase

China

≈100% (100–200 mg/L of
dye concentration; with

carbon and nitrogen
supplementation; pH 6;

5–45 ◦C)

[67]

Proteus mirabilis Reactive Blue 13 pH 7, 35 ◦C and
anoxic conditions.

Enzymatic-Laccase,
azoreductase and
veratryl alcohol

oxidase

Nigeria ≈90% (pH 7) [68]

Pseudomonas putida,
Bacillus subtilis 18 different dyes -

Enzymatic-
Azoreductase
and Laccase

- ≈100% [69]

Bacillus sp. Red HE7B -
Enzymatic-

Azoreductase
and Laccase

-

89% (30 ◦C, 50 mg/L of
dye concentration, 24h
incubation and under
agitation conditions)

[70]

3.2.1. Pure Bacterial Colonies
Degradation in the Presence of Salts

As mentioned, bacteria are able to degrade dyes in different salt concentrations, a
desirable attribute since inorganic salts are used in dyeing processes as mordants, helping in
color fixation process, especially sodium chloride (NaCl) and sodium sulfate (Na2SO4). The
bacterial degradation process has proven effective for dyeing at salt concentrations ranging
from 0.25% to 10%. Many countries have no regulations on the amount of salt that can be
discharged into the environment, or when they do, many allow the presence of these salts in
high concentrations [25]. Taking this into account, the ability of bacteria to degrade dyes in
saline environments becomes an important differential for the selection of microorganisms
with real biotechnological potential of application in dyes bioremediation processes.

The work of Xu and co-workers [51] used a strain of Shewanella marisflavi, an exoelec-
trogenic bacterium-bacteria that has extracellular electron transfer pathways-isolated from
marine sediments in China. Tests performed with the dye Xylidine Ponceau 2R showed
that this strain is able to decolorize the medium at concentrations ranging from 0% to 20%
NaCl. Higher salt concentrations also influence the solubility of the dye by increasing the
ionic strength of the solution, leading to floc formation, and flocculation was also observed
at lower NaCl concentrations when in the presence of Shewanella marisflavi. The researchers
concluded that the tested bacteria had two decolorization mechanisms, performing only
dye degradation up to 6% NaCl, then degrading and flocculating from 8% to 10% NaCl in
the medium, and above this percentage, only underwent flocculation process.

Laccases are widely studied in fungi and plants whose ability to degrade phenolic
compounds is well known. These enzymes have also been found in bacteria, showing
ability to act in environments with high salt concentration and alkaline pH, presenting an
advantage over fungi and plant laccases [52]. Neifar and co-workers [52] worked with
a laccase-producing Pseudomonas extremorientalis strain isolated from oil-contaminated
sediments in Tunisia, evaluating the degradation of Congo red dye. The enzyme produced
by this strain showed great resistance to alkalinity, maintaining its activity in pH 7 to 10 and
also resisted to salinity, maintaining almost 90% of its activity in the presence of sodium
chloride at 17.5%.

Wang and co-workers [53] demonstrated the ability of a strain of the marine bacterium
Aliiglaciecola lipolytica to decolorize medium containing Congo red dye at salt concentrations
as high as 4%. However, the strain did not tolerate pH increase and has glucose as the
best carbon source for its dye degradation activity, increasing the costs of the process. The
study also pointed out that the bacteria use a degradation mechanism that involves the
adsorption of the dye in their cells by means of extracellular polymeric substances (EPS),
where part of it is degraded by a process involving the co-metabolism with glucose and
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the mediation of the enzymes azoreductase and intracellular laccase, in this process the
non-degraded dye is encapsulated in the bacterial cell.

In a study by Zhuang and co-workers [54] the degradation of azo dyes used four
bacteria isolated from coastal region in China, Enterococcus faecalis, Shewanella indica,
Oceanimonas smirnovii, and Clostridium bufermentans. The isolated strains were able to
degrade eight different dyes, achieving removal percentages above 70% for most of them.
E. faecalis and C. bufermentans maintained dye decolorization rates above 80% at salt concen-
trations up to 7%. The four also demonstrated to have great resistance of their decolorization
activity in the presence of ions, being little affected by the great majority of those tested;
however, Cadmium (Cd2+) and Copper (Cu2+) were the ions that most interfered in the
decolorization results, which is a problem to be considered, since they are metals frequently
found in industrial effluents.

PH Range: Degradation in Alkaline Medium

Due to the use of sodium hydroxide and other basic components in textile dyeing
processes and with the textile industry being one of the three sectors with the highest
release of dye contaminated effluents into nature, it is important for this scenario that we
use bacteria resistant to alkaline environments for the treatment of these effluents which
can have pH up to 11.5. In this sense, the work of Guadie and co-workers [55] tested
the decolorization capacity of a Bacillus sp. strain isolated from lakes with an alkaline
characteristic. This strain proved to be able to decolorize medium with pH from 9 to 11
with efficiency above 90% and was also effective against the seven different dyes tested
with complete decolorization been achieved in anoxic and anaerobic environments, and in
the presence of oxygen, there was almost no decolorization of the medium.

Several studies have isolated and identified bacterial strains capable of decolorizing
dyes in alkaline solutions. Chen et al. [56] worked with a strain of Aeromonas hydrophila
capable of degrading the dyes Reactive Red 198 and Reactive Black 5 over a pH range of 5.5
to 10. The research of Jadhav and co-workers [57] isolated a strain of Comamonas sp. from
contaminated soil of industrial environment able to degrade the dye Direct Red 5B in a pH
range of 6–12, but having its best activity in neutral pH range, different from that was found
by of Asad group [58] who worked with three different strains of bacteria belonging to
genus Halomonas sp. isolated from textile effluents and observed that all of them performed
the best decolorization in alkaline pH, with the highest activity achieved at the highest pH
tested: 11. These three studies also showed, again, little or no decolorization activity in an
aerobic environment.

Bioremediation in Aerobic and Anaerobic Environments

One of the major problems faced in the degradation of azo dyes in anaerobic en-
vironments is the formation of toxic products, notably mutagenic and/or carcinogenic
aromatic amines (e.g., benzidine and 4-biphenylamine) that are only degraded in aerobic
environments [7,59]. The work of Shah [59] evaluated the degradation of the dye Reactive
Black using a strain of Aeromonas sp. in a microaerophilic environment until the color was
no longer noticeable in the medium and then promoted the aeration of it to stimulate the
oxidation of the aromatic amines-formed by the breakdown of the dye into non-toxic prod-
ucts, obtaining a discolored medium with a low degree of toxicity. This work proves that a
dye bioremediation process performed outside anaerobic conditions can also be successful.

Franca and co-workers [60] used a different approach, where they performed the
decolorization tests in an anaerobic environment and, after complete removal of the color,
they used an aerobic environment to evaluate the ability of a Oerskovia paurometabola strain
to metabolize the toxic products generated by the previous step. The result obtained was
positive, with decolorization above 90% and removal of toxic products above 63%.

The research by Srinivasan and Sadasivam [61] also worked with the aerobic-
microaerophilic approach for the degradation of azo dye, in this case Reactive Red 195
using strains of Aeromonas hydrophila and Lysinibacillus sphaericus. This work also used
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the molecular docking tool, in addition to decolorization tests, in order to understand the
interaction between the amino acid residues of the enzymes—laccase and azoreductase—
and the dye. The study pointed out the high efficiency of these strains in degrading the
dye used and a positive correlation between the score of the docking studies and the
percentage results of dye degradation. In silico approaches for azo dye degradation studies
have been increasingly employed, also as a strategy to better use resources and research
efforts [62–64].

Although the mechanism of azo dye decolorization commonly occurs under anaerobic
conditions, the work of Sari and Simarani [65] indicates that there are bacteria capable of
performing azo dye degradation in an aerobic environment. The study identified a strain
of Lysinibacillus fusiformis capable of achieving a 96% decolorization rate of Methyl Red
dye in 2 hours under neutral pH and temperature of 30 ± 2 ◦C under aerobic conditions.
The study further pointed out that the bacteria’s oxidoreduction mechanism involved the
enzymes laccase, azoreductase and lignin peroxidase. As seen, azoreductase and laccase
are highlighted in several studies related to the bioremediation of azo dyes by bacteria, such
as the action of Pseudomonas stutzeri in the degradation of the dye Acid Blue 113 [66]. This
strain obtained good decolorization results and a high resistance to elevated concentrations
of the dye. Genomic studies indicated the presence of both enzymes in the decolorization
system of the microorganism. Several other works pointed out the presence of these two
enzymes in the bioremediation activity of azo dyes [58,67–70].

3.2.2. Microbial Consortia

The application of microbial consortia instead of isolated organisms for the treatment
of effluents contaminated with dyes presents advantages (Table 2), especially in the fact that
each strain can act on different targets of the organic molecule and/or consume different
products generated by the breakdown of the dyes, thus generating a synergistic effects
action where the enzymatic activity of a bacterial strain is positively influenced by the
presence of other microorganisms, thus, increasing the degradation rate [71].

An example of this is recorded in the work of Masarbo and co-workers [72] in which
the researchers evaluated the decolorization activity of pure bacterial strains and in con-
sortia. The result shows that two of the consortia tested were able to achieve higher
percentages of decolorization and in shorter time, when compared to the results of the
strains tested individually. Furthermore, at the highest dye concentration tested, the per-
centage of degradation was at least 10% higher than the best result achieved by a single
bacterial species.

Physicochemical Parameters in Microbial Consortia: Salinity, PH and Oxygenation

Other studies have identified consortia capable of decolorizing environments with
a combination of parameters, such as high salinity and pH, closer to those found in real
remediation scenarios. Guo and co-workers [73] assembled a consortium consisting mostly
of genus Halomonas, Marinobacter, and Clostridiisalibacter, which was able to decolorize over
90% of the dye at 40 ◦C, withstand 10% salinity, and to achieve a decolorization rate above
70% at pH 8–12. However, the different strain’s ability to endure increasing concentrations
of the dye was low. Guo’s group [74] also studied a consortium consisting mostly of the
genus Bacillus and Piscibacillus. This consortium showed best activity at 50 ◦C, pH 10, and
between 1% and 10% salinity. However, it poorly withstood higher pH values as well
as the increase in dye concentration. Another factor worth mentioning is that, in both
studies, the supplementation of the medium with yeast extract was essential for higher
decolorization results.
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Table 2. Dye degradation by bacterial consortium under various medium conditions.

Main
Consorcium

Species
Dye

Best Phisicochemical
Parameters for

Bacterial Decolorization

Degradation
Mechanism

Local of
Bacterial
Isolation

Maximum
Degradation Reference

Pseudoarthrobacter sp. and
Gordonia sp., (consortium

PsGo); Stenotrophomonas sp.,
and Sphingomona sp.
(consortium StSp)

Reactive Black 5
pH 11 (for PsGo) and

Glucose as carbon
source (for StSp)

- Iran 85% (for PsGo)
75% (for StSp) [71]

Bacillus sp., Lysinibacillus sp.
and Kerstersia sp. at

different combinations
Ponceau 4R 200 mg/L of dye Enzymatic-

Azoreductase India 100% (with
200 mg/L of dye) [72]

Halomonas sp., Marinobacter
sp. and Clostridiisalibacter sp. Methanil Yellow G

pH 8, salinity 5–10%,
40 ◦C, 100 mg/l of dye

concentration and
presence of yeast extract

Enzymatic China
93.3% (with yeast

extract and
100 mg/L of dye)

[73]

Piscibacillus sp. and
Bacillus sp.

Methanil
Yellow G

pH 10, 50 ◦C, yeast
extract, 1% salinity and

100mg/L of dye
concentration

Enzymatic-Laccase,
Lignin peroxidase,

Nicotinamide adenine
dinucleotide-

dichlorophenol
indophenol reductase

and Azoreductase

China 94.26% (with
yeast extract) [74]

Zobellella sp., Rheinheimera sp.
and Marinobacterium sp. Methanil Yellow

Microaerophilic
conditions,

pH 6, 400 mg/L of dye
concentration and

3% salinity

Enzymatic-
Azoreductase, Laccase
and Lignin Peroxidase

-
≈100% (with

400 mg/L of dye
concentration)

[75]

Staphylococcus sp. and
Bacillus sp.

Remazole Brilliant
Violet 5R -

Enzymatic-
Azoreductase, Laccase
and Lignin Peroxidase

India 100% (with pH 6.5
and 37 ◦C) [76]

Pseudomonas sp., Bacillus sp.,
Bacillus sp. and

Ochrobactrum sp.
15 different dyes

pH 8, 40 ◦C, 100 mg/L
of dye concentration and

no salt presence
Enzymatic India 100% (with pH 8) [77]

Bacillus cereus, Pseudomonas
fluorescenc, Staphylococcus
aureus, Escherichia coli and

Lactobacillus sp.

Remazol Yellow - - India 97.84% [78]

Enterococcus faecalis and
Klebsiella variicola Reactive Red 198

10–25 mg/L of dye
concentration, pH 8

and 37 ◦C
Enzymatic Iran 99.26% (with pH 8) [79]

- 5 different dyes

pH 7–8, 35 ± 2 ◦C, static
conditions, 0.5–1%

salinity and 200 mg/L of
dye concentration

- India 98.8% [80]

As we have seen before, another factor that affects the decolorization process is the
presence of oxygen. In the work of Guo and co-workers [75], a consortium consisting
mainly of Zobellella, Rheinheimera, and Marinobacterium was used for the degradation of the
dye Methanil Yellow in a saline and microaerophilic environment. In a short time, assay,
five hours, the consortium achieved above 80% decolorization at up to 5% salt concentration
in the medium and optimum pH of 6. However, it showed great resistance to increasing dye
concentration, decolorizing almost 100% at 400 mg/L concentration within those five hours.
Laccase, azoreductase and lignin peroxidase were, once more, the enzymes identified in
the degradation mechanism of this consortium.

The group of Shah [76] studied the behavior of a bacterial consortium consisting of
five bacterial strains in microaerophilic and aerobic environments based on the reduction of
the azo dye Remazole Brilliant Violet 5R. A difference was observed in the efficiency of the
consortium regarding the degradation of the dye between these two environments, where,
in a microaerophilic environment, the degradation reached 100% in less than 24 hours,
this result was not seen in an aerobic environment. Another factor pointed out in the
study as influencing the efficiency of degradation was the structure of the dye, where
29 different dyes were tested, and the efficiency of the consortium varied from less than
20% of degradation to more than 80% in some cases.

Khan and co-workers [77] also compared the efficiency of a bacterial consortium in
microaerophilic and aerobic environments and with respect to several structurally different
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dyes. In the microaerophilic environment the decolorization was 100% and in the aerobic
environment it was less than 10%. The consortium was found to withstand the presence of
salt and temperature up to 45 ◦C, as well as a slightly alkaline pH. For the different dyes
tested, the decolorization ranged from values above 92% to less than 25%.

Microbial Bioprospecting in Textile Effluents

The search for bacteria capable of degrading dyes can take advantage of the natural, or
not so natural, selection of these organisms through bioprospecting in contaminated envi-
ronments, selecting bacteria that underwent great environmental pressure, thanks to human
action. Kannan and co-workers [78] evaluated the results of microbial consortia assembled
with different combinations of five strains isolated from textile effluent. The best result
obtained was from a consortium composed of Bacillus cereus and Pseudomonas fluorescence
that achieved nearly 100% decolorization of Remazol Yellow dye, with nine of the ten
combinations tested achieving decolorization above 78%. Another work that used microor-
ganisms isolated from textile effluents was that of Eslami’s group [79], which evaluated the
action of a consortium of Enterococcus faecalis and Klebsiella variicola which obtained results
of almost 100% removal of the dye Reactive Red 198.

However, it is worth noting that these two studies achieved good results with their
consortia at mild parameters of temperature, pH, and salinity, which is often not the case
with effluents contaminated by dyes, in a real case scenario. In addition, the consortia
evaluated in both studies required more than two days for almost complete decolorization
to occur.

Eskandari and co-workers [71] tested in their study two consortia with bacterial strains
isolated from textile effluent and soil from a typically cold region, the Zagros Mountains in
Iran. Their ability to degrade the dye Reactive Black 5 was evaluated, achieving the best
results at mild temperatures, but in an alkaline range with pH between 9 and 11, which
already represents an advantage over previous works, since it is common for industrial
effluents containing dyes to have alkaline pH due to the use of substances of basic character
in industrial processes.

The azo dyes have some representatives called pre-metallized dyes, which have metals
in their structure previous to their application in the staining process [81]. Eleven consortia
formed by bacteria isolated from areas contaminated with pre-metallized dyes in India
were tested in the degradation of eighteen of these dyes. There was a wide variation in the
percentage of degradation between consortia and dyes, with values ranging from 7.4% to
98.8% [80].

3.2.3. Bioreactors and Their Potential in the Bioremediation of Azo Dyes by Bacteria

Bioelectrochemical systems (BES) are represented by microbial fuel cells, microbial
desalination cells, and microbial electrolysis cells. In these systems microorganisms perform
the oxidation of compounds and the electrons generated in this process can be used in
the production of energy and other compounds of interest [82]. BES have proven to be
better compared to conventional anaerobic and electric or electrochemical processes by
performing well in a shorter time, in a more cost-effective manner, and causing less negative
environmental impact [83].

Microbial fuel cells have already been explored to generate energy allied to the treat-
ment of effluents containing dyes. This type of treatment presents advantages such as:
potential for energy production instead of its consumption; low sludge formation; operation
at mild temperatures and atmospheric pressure and offers the possibility of performing
oxidation (anode) and reduction (cathode) of the dyes [84]. In line with this, several works
explore this possibility in the process of dye decolorization (Table 3), even adding steps for
the detoxification of other harmful compounds.
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Table 3. Bacterial dye degradation in bioreactor systems.

Main
Bacteria Dye Reaction

System Parallel Study Best Parallel
Study Results

Maximum
Degradation Reference

Enterobacter,
Desulfovibrio and

Enterococcus
Alizarin Yellow R

Single chamber up-flow
bioelectrochemical

system (UBES)
- - 87.74 ± 3.52% [83]

Shewanella oneidensis Acid Orange 7 Microbial Fuel Cell COD * Reduction and
Electricity production

Power density of
50 ± 4 mW m−2 and

COD reduction
80.4 ± 1.2%

80% [84]

Proteobacteria phyla Congo red

Single chamber
air-breathing

cathode Microbial
Fuel Cell

Sulfide removal and
Electricity production

Maximum power
density of 23.50 mW

m−2 and 98% of
Sulfide removal

81.5% [85]

- Acid Orange 7

Bioelectrochemical
system (BES) combined

with a membrane
biofilm reactor

COD Reduction and
Degradation of
Sulfanilic acid

52.6 ± 3.2% of COD
reduction and

64.7 ± 2.7% of Sulfanilic
acid reduction

96.5 ± 0.6% [86]

Unclassified genus
Reactive

Brilliant Red
X-3B

Biofilm electrode
reactors
(BERs)

COD Reduction
75.65% of COD removal

and 21.13 mA m−2 of
current density

75.27% [87]

-
Reactive

Brilliant Red
X-3B

Microbial fuel cell
(MFC)-biofilm electrode

reactor (BER)
coupled system

COD Reduction and
Electricity production

Power
density of 0.257 W m−3

and 88.62% of
COD removal

97.77% [88]

Geobacter.
sulfurreducens and
Beta proteobacteria

Reactive
Brilliant Red

X-3B

Microbial fuel cell
coupled constructed

wetlands (CW-MFCs)
Electricity production 0.256 W m−3 92.7% [89]

Enterobacter and
Enterococcus

Up-flow anaerobic
sludge blanket
(UASB) reactor

VFA production and
COD removal efficiency

≈100% of COD
removal efficiency 95.84 ±2.60 [90]

- Direct Black 22 Sequencing batch
reactors

COD Reduction
and Ecotoxicity 81.4% of COD removal 81.4% [91]

- C.I. Basic Red 46
Anaerobic-aerobic
sequencing batch

reactor (SBR)
COD Reduction >90% of COD removal 98% [92]

Citrobacter sp.,
Enterococcus sp. and

Enterobacter i
Remazol Black B

Upflow
packed-bed reactor for
continuous sequential

microaerophilic–aerobic
batch operations

- - 95.87% [93]

Serratia marcescens
and Klebsiella

oxytoca

Nylosan Yellow
E2RL SGR

Sequencing batch reactor
system, followed
by ultrafiltration

COD Reduction 94% of COD removal 97% [94]

Paludibacter,
Trichococcus and
Methanosarcina

Reactive Red 2 Anaerobic sequencing
batch reactor

Ammonium removal
and The effect of Fe3O4
on anaerobic treatment

of azo dye

≈100% of
Ammonium removal ≈100% [95]

- Yellow Dye Aerobic Ganular
Sludge (AGS) Ammonium removal ≈100% of

Ammonium removal ≈100% [96]

* COD = Chemical Oxygen Demand.

Sulfide is considered to be toxic, corrosive and a threat to human health. It is com-
monly present in textile effluents containing dyes, formed due to the addition of sodium
sulfide for reduction processes of azo compounds or conversion of other sulfur-containing
substances. With this in mind, a single-chamber air-cathode microbial fuel cell was used by
Dai and co-workers [85] for the simultaneous degradation of Congo red dye, bioelectricity
generation, and sulfide oxidation. The results showed 98% sulfide removal and 88% decol-
orization, accompanied by the formation of maximum power of 23.50 mW m−2. It was also
evaluated that the sulfide concentration affects the sulfide oxidation rate as well as the dye
degradation [85].

Mani and co-workers [84] studied the difference between the decolorization efficiency,
electricity production and the decrease in chemical oxygen demand (COD) between feeding
the fuel cell via the anode chamber containing the electrochemically active bacterium
Shewanella oneidensis or via the cathode chamber containing the enzyme laccase. The
conclusion of this work was that degradation with the laccase at the cathode is a more
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advantageous process, as it generates more stable and chemically simpler products, as well
as lower COD (80.4% versus 69% of the anode) and higher power generation efficiency
(50 mW m−2 versus 42.5 mW m−2 of the anode).

Other BES have already been studied in relation to their potential use for industrial
effluent treatment, for example, the evaluation of their use in the removal and recovery
of nutrients, especially with regard to nitrogen present in industrial effluents [82], as
well as in the decrease of (COD) allied with the degradation of azo dyes, and the effects
of their coupling with a continuous stirred reactor system and the increase of modules
in a stacked BES has also been studied. In these with the following advantages were
pointed out: (1) the use of a three-module system improved decolorization by 15% and
33% compared to systems with only two or one modules, respectively, achieving up to 80%
removal [86]; (2) coupling with a continuous stirring reactor achieved 97% of color removal
from the medium in just seven hours, being superior to the results obtained with these
techniques alone, where approximately 54.9% and 91.4% decolorization were achieved [83];
(3) there was 75.6% reduction in (COD) and voltage has shown to affect the decolorization
efficiency [87].

Other studies have performed couplings of systems aiming to improve the decoloriza-
tion process and for the evaluation of energy generation. A microbial fuel cell system was
coupled to a biofilm electrode reactor and the results indicated an increase of almost 30%
in color removal efficiency compared to the process performed with these mechanisms
decoupled [88]. In the system assembled with microbial fuel cells in combination with a
constructed wetland it was observed that the higher the substrate biomass, the higher the
decolorization and the lower the power generation, with these varying among the groups
tested from 76.3% to 92.7% and 0.117W m−3 to 0.256W m−3, respectively [89].

The use of bioreactors can also be achieved with various combinations and parameters
variations such as concentrations of salts, presence of oxygen, and feed rate. Regarding
the presence of oxygen, several possibilities have already been studied, namely tests in
an anaerobic environment [90]; with continuous micro aeration; intermittent and without
aeration [91]; anaerobic starting followed by aerobic [92]; and microaerophilic environments
followed by aerobic [93].

In tests performed in a reactor with a fully anaerobic environment, the decolorization
rate ranged from 62.98% to 95.84%, depending on the loading rate of dye in the reactor,
which decreased the decolorization with its increase [90]. In the study by Menezes and
co-workers [91] the reactor without aeration had the highest decolorization, followed by
the intermittent aeration reactor and lastly the continuous aeration reactor, the rates being
81.4%, 76.8%, and 74.5%, respectively. However, the reactor without aeration produced
waste with toxic substances, which was not observed in other conditions. Assadi and
co-workers [92] pointed out better dye removal in an anaerobic environment, reaching
almost 98%, and indicate that increasing the concentration of the dye negatively affects the
decrease in COD. This same work also showed that the decolorization is also negatively
affected by increasing the concentration of salt and nitrate ions in the medium. The assays
without an anaerobic environment obtained maximum decolorization of 95.87% in the
micro-aeration stage and removal of 23 mg/L of aromatic amines in the aerobic stage
compared to the previous environment with micro-aeration [93].

Bioremediation can also be employed in other treatment processes; an example is the
study by Korenak and his group [94] who combined the treatment of contaminated effluent
performed in bioreactors with bacteria to the subsequent process of ultrafiltration. This
combination of methods improved both the dye removal rate, 85% before ultrafiltration
and 97% after, and the decrease in COD, 91% before and 94% after.

Studies also indicate the possibility of improving the anaerobic treatment with the use
of Fe3O4, which generated a decrease in the lag phase of microbial growth, improved the
decolorization rate, increased microbial resistance to increasing dye concentration, among
other factors [95]. Moreover, ammonium removal has already been achieved with 92% to
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100% rates, coupled with 89% to 100% dye removal in microbial treatment in bioreactors
using aerobic granular sludge [96].

As for the inoculation of bacteria into the reactors, it can occur in multiple ways,
depending on the operation system proposed. For example, sludge obtained from a
wastewater treatment location can be added into the bioreactor to serve as a inoculum
source, being composed, in theory, of a myriad of organisms adapted to the contaminated
environment and in balanced association [85], or a specific pure culture bacteria can be
grown in order to be inoculated directly in a anode of a microbial fuel cell [84]. A packed-
bed column reactor can be inoculated by the circulation of the bacteria culture in the
packed-bed column [93]. As demonstrated, there is more than one form of inoculating
a bioreactor for bioremediation use, and the initial bacteria acclimatation/growth also
varies with the bacteria strain and bioreactor operation. Because of the various possibilities
when it comes to bacterial inoculum, this step is susceptible to improvement, being an
interesting hub for microbial prospection and cultivation optimizations, including here the
pre-treatment of the sludge for better results [97–99].

3.3. Degradation of Environmental and Industrial Samples

The use of bacteria to treat contamination caused by azo dyes can aim at both the
treatment of effluents before their release into nature and the bioremediation of already
contaminated natural environments. This topic deals with research conducted on the
treatment of samples taken from contaminated environments and industrial effluents
(Table 4) to show how efficient bacteria can be applied in remediating real samples in real
cases of contamination.

Table 4. Bacterial degradation of azo dyes contaminated industrial effluents.

Main Bacteria Wastewater Source Degradation
Mechanism Country

Maximum Degradation
and Experiment

Conditions
Reference

Micrococcus luteus Dyehouse Adsorption and
Enzymatic Japan Laboratory [99]

Pseudomonas aeruginosa - Enzymatic-Azoreductase India 62%-Laboratory [100]

Pseudomonas sp. Textile Industries Enzymatic-Laccase India 90%-Laboratory [101]

Pseudomonas sp. and
Bacillus sp. Mill effluent outlet - India Pseudomonas 95%

Bacillus 97%-Laboratory [102]

Pseudomonas aeruginosa,
Pseudomonas putida and

Bacillus cereus
Textile Factory - Egypt 92%-Laboratory [103]

- Dye Wastewater Plant - Korea 75%-Real
production facility [104]

3.3.1. Industrial Effluents

To illustrate how diverse the sources of bacteria capable of degrading azo dyes can
be, the study of Ito and co-workers [99] isolated bacteria from the microbiota of human
hands and classified them into two groups: azo dye decolorizers and anthraquinone
dye decolorizers. The two strains chosen for further work, one from each group, were
able to perform decolorization of the industrial effluent sample collected from a dyeing
plant. Other works used Pseudomonas sp. strains in the decolorization of industrial effluent
samples. The decolorization rates were different, of 62% when supplemented with nutrients
and in the time of 7 days [100], up to 90% in sixty hours [101] and ranging between
87–95% in 48 hours [102]. The latter work further tested a Bacillus sp. strain and obtained
decolorization of the textile effluent samples in the range of 92–97% in 48 hours. The work
of Bayoumi and co-workers [103] also focused on bacteria from the genera Bacillus sp. and
Pseudomonas sp. in the decolorization of textile effluent samples from an industrial city in
Egypt, obtaining results between 84% and 92% of decolorization in a period of 48 hours.
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Kalathil and co-workers [104] worked with microbial fuel cells to treat wastewater
containing dyes in Daegu, South Korea, the tests were conducted with a retention time of
forty-eight hours and the system was operated in open loop and in closed loop. The closed
system had the highest color removal-almost 80%-while the open system showed only 62%
decolorization. In addition, the closed loop also presented higher toxicity removal and a
decrease in COD.

3.3.2. Environmental Samples

Still in the efforts to find bacterial strains capable of degrading azo dyes under con-
ditions relevant to real-world application, different studies have evaluated the ability of
these organisms to degrade dyes in environmental samples (Table 5). The work of Tara and
co-workers [105] used a pilot scale floating wetland system coupled with dye degrading
bacteria to treat wastewater from a textile industry in Pakistan. These macrocosms were
installed using separate or combined plants and bacteria, and the symbiose between them
improved the removal of organic and inorganic pollutants by decreasing chemical and
biochemical oxygen demand by 92% and 91%, respectively, staining was reduced by 86%,
and trace metals by 87%. Furthermore, the combination of these organisms also resulted in
improved detoxification of the effluent, where no fish kills were observed after exposure to
the treated textile effluent. When treated without the combination of bacteria and plants,
the effluent still caused the death of some fish, highlighting the benefits of this synergy for
bioremediation efforts.

Table 5. Bacterial degradation of azo dyes contaminated environmental samples.

Remediation site Parallel Study Degradation System Country Maximum Degradation Reference

On-site Textile
Industrial Wastewater

COD *, BOD ** and Trace
metals removal Floating Wetlands Pakistan 86% [105]

On-site Textile
Industrial Wastewater

COD, BOD, heavy metals,
nitrogen, phosphorous and

total dissolved solids decrease.

Vertical flow constructed
wetlands (VFCW) with

bacterial endophytes
Pakistan 74% [106]

On-site Textile
Industrial Wastewater - Aerated wetland Italy 82% [107]

Dye Contaminated Soil - Continuous flow reactor India 98% [108]

Dye ontaminated soil

COD, BOD, TOC ***, heavy
metals, nitrogen reduction and

nitrogen, phosphorous and
potassium increase.

Microbial consortia India 98.87%(after 30 days)
99.25% (after 60 days) [109]

Dye spiked soil

Optimum pH and temperature
decolorization and effect of

carbon and nitrogen
sources addition

Bacterial consortia India 97% [110]

Yabagawa river sediments Aromatic amines persistance Natural river microbiota Japan - [111]

* COD = Chemical Oxygen Demand. ** BOD = Biological Oxygen Demand. *** TOC = Total Organic Carbon.

Hussain and co-workers [106] also focused on a wetlands system to treat wastew-
ater from a Pakistani industry but using pilot-scale vertical flow constructed wetlands
(VFCW) system augmented with bacterial endophytes, which were selected based on their
capabilities to improve plant growth and degrade dyes. The combination proposed was
able to decrease chemical oxygen demand (81%), biochemical oxygen demand (72%), total
dissolved solids (32%), color (74%), nitrogen (84%), phosphorous (79%), and heavy metals
(Cr (97%), Fe (89%), Ni (88%), Cd (72%)). In addition, the treated wastewater was found to
cause no harm based on a fish toxicity assay. Another study based on wetlands system (but
with aeration) was carried out by Masi and co-workers [107]. The group assessed color
removal based on three different wavelengths and different influent concentrations, achiev-
ing results that varied from a negative color removal (−58%) to a positive decolorization
of 82%.

In India a continuous flow reactor was tested for the bioremediation of contami-
nated soil using a consortium of bacteria, achieving 85% color removal on the first day
of operation, 90% on the second, and a steady 98% removal rate from the 13th day of
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operation [108]. Other groups have also worked with soil bioremediation. Vipul and
co-workers [109] treated soil samples, collected from industrial area, with a bacterial com-
munity previously isolated from sludge samples of six sites contaminated with different
organic compounds containing bacteria and fungi organisms. The microbial community
was able to achieve a decolorization of 98.87%, 82.88% of COD removal and 89.82% of BOD
removal after 30 days. As for the Tandon and co-workers’ group [110], they treated dye
contaminated soil with a bacterial consortium, achieving 97% and 96.25% of decolorization
for two different dyes.

The Yabagawa River in Japan was studied over three years to assess the natural
degradation of dyes and their breakdown products, the aromatic amines, by bacteria. This
river had been suffering from the dumping of dyes and industrial effluents by a dye factory
for more than 50 years, and with the closure of the factory in 2012, Ito and co-workers [111]
were able to evaluate the natural recovery of this environment.

This work pointed out the persistence of dyes and their aromatic amines in the river
sediments even years after the end of the discharge of industrial effluent in that environment
and even without the presence of visible coloration in the water. It was also observed that
the degradation rate of the dye varies with its concentration in the medium, i.e., the less
dye the lower the rate of degradation, and the opposite occurred with the degradation of
aromatic amines, which increased over time, reaching its highest rate one year after the end
of the effluent discharge on the river. The variety of bacteria itself changed over time, going
from an abundant variety of genera related to the degradation of azo dyes to a decrease in
these and an increase in groups related to aniline degradation [111].

4. Conclusions

Azo dyes can be harmful to the environment and human health when disposed
of without prior treatment, and the search for sustainable and less harmful production
processes requires the development of new alternatives for effluent treatment that are
efficient, cost-effective and of low environmental impact. Thus, bacterial bioremediation is
a good alternative, given the versatility of this phylum that offers a range of possibilities,
either with pure cultures or in consortia, tolerating different physicochemical parameters,
in order to better adapt this process to various industrial wastes.

The application of these organisms in BES also brings the possibility of generating
more than one salable product or service, making this process more attractive in terms of
cost, an important bottleneck to be overcome in the implementation of biological systems.
The application of bacteria to environmental samples also attests to this viability, being able
to degrade dyes and their toxic by-products in environmentally relevant concentrations.
Through the critical reading of the literature presented, scientific advances in this area can
be evaluated, as well as the efforts to remedy the still deficient points, showing bacterial
bioremediation to be an increasingly feasible process.

For the widespread application of bacterial bioremediation, several factors have to
be considered, depending on the technique used, the characteristics of the environment
to be remediated and of the bacteria strain, in this sense, the following points are relevant
bottlenecks for large-scale application: (1) Bioreactor implementation and maintenance
costs, (2) physicochemical parameters—which may vary over time, (3) space available for
use of, e.g., wetlands or bioreactors, (4) availability of nutrients in the environment or in the
textile effluent to be decontaminated, (5) presence/generation of suitable redox mediators
for the enzymatic action of azo bond breaking, (6) engineering optimization in the transition
from laboratory/pilot to industrial scale, (7) stricter local legislation forcing companies to
treat their effluents properly, (8) co-relation between dye and bacteria/bacterial consortia
or the presence of mixed dyes that can affect the bleaching given the bacterial suitability
to each dye, (9) the use of industrial chemicals not considered in the laboratory tests,
(10) changes in industrial dyeing techniques that modify the characteristics of its effluent
and require adaptation of the bioremediation technique used, and (11) generation of toxic
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by-products that bacteria are not able to degrade, among other factors more specific to the
numerous systems under study.

Despite the challenges in this sector, which this review tried to address under a critical
approach, the good results obtained in laboratory, pilot scale and in some specific cases
applied to real situations, together with the urgency for new sustainable solutions in large-
scale industries make the search for biotechnological solutions a possible path in collective
efforts in the search for cleaner and more responsible forms of production.
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Abstract: The high content of natural organic matter (NOM) is one of the challenging characteristics
of peat water. It is also highly contaminated and contributes to some water-borne diseases. Before
being used for potable purposes, peat water must undergo a series of treatments, particularly for
NOM removal. This study investigated the effect of coagulation using aluminum sulfate coagulant
and adsorption using powdered activated carbon (PAC) as a pretreatment of ultrafiltration (UF) for
removal of NOM from actual peat water. After preparation and characterization of polysulfone
(Psf)-based membrane, the system’s performance was evaluated using actual peat water, particularly
on NOM removal and the UF performances. The coagulation and adsorption tests were done
under variable dosings. Results show that pretreatment through coagulation–adsorption successfully
removed most of the NOM. As such, the UF fouling propensity of the pretreated peat water was
substantially lowered. The optimum aluminum sulfate dosing of 175 mg/L as the first pretreatment
stage removed up to 75–78% NOM. Further treatment using the PAC-based adsorption process further
increased 92–96% NOM removals at an optimum PAC dosing of 120 mg/L. The final UF-PSf treatment
reached NOM removals of 95% with high filtration fluxes of up to 92.4 L/(m2.h). The combination of
three treatment stages showed enhanced UF performance thanks to partial pre-removal of NOM that
otherwise might cause severe membrane fouling.

Keywords: coagulation–adsorption; membrane; organic matter; peat water; ultrafiltration; polysulfone

1. Introduction

The supply of high-quality freshwater is a crucial problem in rural areas. In many
cases, water resources are of inferior quality (i.e., peat water), making it inconsumable
without implementing advanced treatments. Peat water is one of the water sources that
are still untapped. It is characteristically acidic (pH 5.9) and high in natural organic matter
(NOM), identified using three standard parameters of the non-specific indicator: dissolved
organic carbon (DOC, 36.40 mg/L), UV absorbance 254 nm (0.955 1/cm), and organic
substances (113.76 mg KMnO4/L). NOM in peat water may exert odors, aromatization,
biological instability, and corrosion of water distribution networks [1]. Conventional water
treatments for removal NOM have been widely applied by standalone processes such
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as coagulation–flocculation and sedimentation [2], activated carbon adsorption [3], and
filtration [4]. However, they do not provide optimal treatment for removing NOM.

Previous studies have reported types of water and wastewater treatments that contain
high NOM using standalone coagulation, with about 60–70% removal of hydrophobic
fraction of NOM and 30–40% of hydrophilic fractions [5–8]. Another work also reported
performance of adsorption for NOM removals of up to 98% that were obtained by powdered
activated carbon (PAC) with an optimum dosage 500 mg/L [9], which can remove organic
materials with a molecular weight (MW) ranging from 0.5–1 to 1–3 kDa. Nevertheless, it
could not remove NOM with an MW of <0.5 kDa [10,11]. In addition, the adsorbent may
be saturated due to the complete occupation of the adsorption site, while reactivation of the
adsorbent results in a complex operation, which may lead performance to decrease [12].

Membrane technology is an advanced treatment process for treating NOM in water,
such as wetland or peat water [13–17]. Several studies were reported successful treatment
of wetland saline water by pervaporation using silica-based membranes [18–21], wetland
saline water by pure silica membrane and organosilica-based membranes [22–28]. Another
study showed ultrafiltration (UF) membrane for removal fraction of NOM from peat
water [29]. The UF technology is more applicable and better for reducing NOM in water
compared with pervaporation. The pervaporation setup is more complex than UF. However,
despite NOM’s effective removal by the membrane, it is also able to decline membrane
performance through membrane fouling [30,31]. Fouling is a major factor that may decrease
membrane flux during the separation process, especially the ultrafiltration.

Membrane fouling in peat water treatment is mainly caused by NOM through both
the hydrophilic and the hydrophobic fractions [32]. The most common methods to reduce
membrane fouling are by altering the physical and chemical properties of the membrane
materials by adding additives in the fabrication stage [33–36] or by applying pretreatment
of the feed in the operational stages [32,37]. In this study, both coagulation and adsorption
were investigated for the first time as a pretreatment of UF for the treatment of real peat
water.

This paper reports a preliminary study on NOM removal from peat water by using
both aluminum sulfate-based coagulation and PAC-based adsorption as a pretreatment
of UF. The polysulfone (PSf) UF membrane was first prepared and characterized. Before
being used for the pretreated peat water filtration. The NOM composition in the peat
water samples was then characterized. Finally, actual peat water was treated using a series
of treatments, namely aluminum sulfate-based coagulation, PAC-based adsorption, and
filtration using the developed Psf-UF membrane.

2. Materials and Methods
2.1. Peat Water Characterization

The peat water sample was taken from Banjar Regency, South Kalimantan, Indone-
sia. Preliminary characterization of peat water included measuring pH using a pH meter
(Hanna Hi2211), KMnO4—oxidizable organic substances using the permanganate titrimet-
ric method, and aromatic organic matter absorbance of UV254, and DOC by a total organic
carbon analyzer (Shimadzu TOC-L). The permanganate titration method was conducted
according to Standard (SNI 06-6989.22-2004). The UV254 parameter was measured by
a UV visible (UV-1600 Spectrophotometer). On the other hand, DOC was analyzed by
high-temperature catalytic oxidation with non-dispersive infrared (NIDR) detection. As
a pretreatment, the samples were filtered using Whatman 0.45 µm before being tested
by TOC analyzer. Meanwhile, specific UV absorbance (SUVA254, L/mg.m) was used to
represent TOC normalized aromatic moieties (UV254). Meanwhile, specific UV absorbance
(SUVA254, L/mg.m) was used to represent TOC normalized aromatic moieties (UV254) by
dividing of the UV254 with the DOC value.
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2.2. Membrane Preparation and Characterization

The dope solution for Psf UF membrane preparation was made using 18 wt.% of Psf
(Merck) as the polymer, 64 wt.% dimethylacetamide (DMAc, Merck) as the solvent, and
polyethylene glycol (PEG, Merck) PEG 600 as the additive (18 wt.%). According to earlier
reports, the membranes were prepared using the phase inversion method [35]. The polymer,
solvent, and additive were mixed and stirred until homogeneous. Then, the solution was
left idle overnight to release the entrapped bubbles. Subsequently, the dope solution was
cast on a glass plate at a wet casting thickness of 165 µm using a casting applicator. The
phase inversion was then continued by immersing the cast film into a coagulation bath
containing nonsolvent solution comprising of DMAc 35 wt.% and KCl 0.5 wt.% in water.

The hydraulic resistance of the prepared membrane was characterized by measuring
the clean water permeability, and a scanning electron microscopy (SEM) was used to
determine the membrane PSf morphology and membrane thickness. The pore size of the
membranes was determined using image-J software from the surface of the SEM image [38].
The permeability test was conducted by flowing the distilled water on a dead-end system
filtration device. The permeate volume was then measured every 5 min intervals for 60 min
operation time under different pressures of 1, 1.5, 2, 2.5, and 3 bar.

2.3. Coagulation, Adsorption, and Ultrafiltration

The coagulation tests were done by varying doses of aluminum sulfate (one of the most
common coagulants) in a range of 125–250 mg/L using the Jar-test method at adjusting pH
6 (regulated by drop-wise adding 0.1 M NaOH (Merck)) with a working volume of 1.2 L.
During the jar test, the coagulant mixture in peat water was stirred at 100 rpm for 1 min,
followed by slow stirring at 40 rpm for 20 min and sedimentation for 20 min, according to
a protocol reported earlier [39]. The range of the coagulant dosage was defined based on a
previous study [31].

The PAC adsorption tests were done using the Jar-test under varying 20–200 mg/L
doses. It was carried out for the pretreated peat water through coagulation/flocculation.
The feed and PAC (particle size of 100 mesh; surface area of 800 m2/g, Merck) were mixed
with a rotary shaker at 180 rpm for 3 h.

After coagulation and adsorption, the treated supernatant underwent a UF—200 mL
of the supernatant was filtered using the developed UF PSf membrane by using a stan-
dard dead-end filtration cell (Figure 1) according to a protocol detailed elsewhere [30].
The filtrations were done at variable pressures of 1, 1.5, 2, 2.5, 3 bar for 60 min at room
temperature of feed (25 ◦C), stirred at 50 rpm. A gas compressor generated the pressure,
and the permeate volume was collected every 5 min. All of the coagulatin, adsorption, and
filtration experiments were done in triplicate.
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3. Results
3.1. Peat Water Characteristics

The characterizations of peat water were carried out for four periods to monitor the
changes of NOM content of the peat water samples, as summarized in Table 1. It shows
that the peat water had a neutral pH, similar to previous reports where the pH value on
surface water ranged from 5.0–8.1 [31]. The high NOM content was indicated by the DOC
values [39,40], the absorbance value of UV254, which are high compared with the results
obtained by Kang and Choo [41] and Jeong et al. [42] of UV254 < 0.1 cm−1 for surface
water. However, compared with the results obtained elsewhere Herwati, Mahmud, and
Abdi [30], Mahmud, Abdi, and Mu’min [31], Saputra [37], Aisyahwalsiah [39] showed
the UV254 absorbance of the peat water samples was relatively low. Similar to the UV254
absorbance value, the SUVA254 values of the peat water sample deviated from others
(Zularisam et al. [43]). Based on their reports, the SUVA254 characteristic of peat water
contained a high hydrophobic fraction. The SUVA254 values of the peat water sample in
this study ranged at 2–3 L/mg.m suggesting the mixture of hydrophobic and hydrophilic
substances NOM characteristics, with a large range of MWs. Similar results were found in
previous research on surface water that reported SUVA254 of < 2 L/mg.m (low hydrophobic
character) [41,42].

Table 1. Characteristics of the peat water sample.

No Parameter Units
Week

Average STDEV
I II III IV

1 pH 6.3 6.3 6.3 6.3 6.3 0

2 DOC (dissolved
organic carbon) mg/L 36.40 - - 36.40 36.4 -

3 UV254 absorbance 1/cm 0.968 1.005 0.977 0.955 0.976 0.02

4 KMnO4 organic
substances

mg
KMnO4/L 120.08 126.4 120.08 113.76 120.08 5.16

5 SUVA254 L/mg.m 2.659 2.761 2.684 2.624 2.682 0.006

3.2. Characterisation of UF-PSf Membranes

The surface and cross-section SEM images of the prepared membrane are shown in
Figure 2. The UF PSf membrane had a tight pore arrangement and sponge-like cross-section
morphology without macrovoids (large cavities), which was similar to the membrane
structure reported earlier [35]. Based on image-J surface SEM image processing (Figure 3),
the surface pore size of the membrane was 0.061 µm, falling under UF range of 0.001–
0.1 µm [44].

The polysulfone membrane used in this study had a pore size of less than 0.1 µm
(Figure 3). However, from the SEM image it is not possible to determine exactly what the
pore size is. However, the pore size distribution can determine by utilized Image-J software
following the previous research used digital SEM image data. The result of processing SEM
images by Image-J can be seen in Figure 3B,C. The results show the average pore diameter
of the membrane is 0.061 µm. Based on literature, the polysulfone membrane used in this
work can be categorized as well as ultrafiltration membrane.
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3.3. Coagulation-Flocculation

Figure 4 shows that for aluminum sulfate dosings of 125–250 mg/L, the removal
efficiency of NOM increased from 125 mg/L to 175 mg/L and then a slight decrease
until 250 mg/L. Beyond that value, the NOM removal efficiency decreased. The loading
restabilization can explain the pattern on the NOM removals as a function of the dosing
rate on the addition of Al2(SO4)3 coagulant [37].
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Figure 4. NOM removal rate represented by oxidation with KmnO4 and UV254 absorbances as a
function of doses of alum in the coagulation–flocculation test.

The oxidation of organic substances by KMnO4 peaked at the optimum dose of
175 mg/L. Meanwhile, a slight decrease in UV254 removals was observed. In the process of
coagulation–flocculation, the dominant fraction of removed NOM is the one that hydropho-
bic or with large MWs as detailed elsewhere [31,45]. In addition, according to Suslova
et al. [46] that KmnO4 can oxidize various types of organic components irrespective of the
MWs.

The NOM removal in the coagulation-flocculation process was achieved optimum at
a dose of 175 mg/L corresponding to organic substances KmnO4 and UV254 absorbance
of 77.78% and 75.24%, respectively. The removal of NOM obtained in this study was
higher than the previous studies [47,48]. After adding the coagulant, the coagulation
rate decreased, as well as the pH value from 6 to 3.65. It was caused by the reaction of
aluminum sulfate with water that produces H+ ions. The acidification of water lowered the
coagulation/flocculation efficiencies.

3.4. Coagulation-Adsorption

The PAC adsorption was carried out after the coagulation/flocculation of the raw
peat water sample. Figure 5 shows the rate of NOM removal in the PAC adsorption
process. The NOM removal rate was higher than the standalone coagulation-flocculation
or adsorption processes reported earlier [32,49]. Increased NOM removal at low pH during
the PAC adsorption can be attributed due to the low pH of the solution due to the preceding
coagulation/flocculation stage [39]. The pH has a significant effect on activated carbon
adsorption and the removal efficiency is higher in acidic than in neutral and alkaline
conditions. The presence of H+ ions in solution leads to competition between H+ ions and
NOM bonding [50].
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Figure 5. The NOM removal rate represented by organic substances of KMnO4 and UV254 ab-
sorbances as function of PAC dosages.

The removal rate of KmnO4—oxidizable organic substances in the coagulation–adsorption
process is higher than the UV254 (representing aromatic moieties). The results were the
opposite of the coagulation/flocculation process, which could be attributed to the NOM
content with large MW removed in the coagulation–flocculation process. As such, only
the low MW NOM remained in the PAC adsorption. In previous research, the adsorption
process could remove NOM hydrophilic fractions with small MWs [9–11]. The removal
rate of KmnO4 organic substances was higher than the UV254 absorbance. These results
indicated that KmnO4 organic substances easily oxidized NOM due to their small MWs as
stated elsewhere [51].

The best PAC dose was 120 mg/L of PAC, judging from the highest removal of
KmnO4 and UV254 parameters of >90%. In addition, the efficiency of NOM removal
slightly increased up to 120 mg/L. Due to the NOM removal of 120 to 200 mg/L being
relatively similar, the 120 mg/L of PAC was chosen because it does not need too much
PAC. The removal efficiencies of KMnO4 organic substances and UV254 under the optimum
dosing were 95.83 and 91.83%, respectively, as shown in Figure 5. The results obtained in
this study were in line with others, e.g., Lee et al. [32] and Aisyahwalsiah [39] using PAC
as the adsorbant. Nonetheless, higher NOM removals were obtained in this study. After
adding PAC, the pH increased as reported by others [49] due to the soluble ash, which is
rinsed out of the media during use, and the effluent pH will eventually approach neutral.

3.5. Coagulation-Adsorption-Membrane Experiments

The permeability of pure water (aquadest), pretreatment feed, and non-pretreated
feed are shown in Figure 6. Based on the results, pure water permeability was obtained
of 38–180 L/h.m2 by the prepared UF polysulfone membrane. This result exhibits the
higher water flux of pure water permeability by low transmembrane pressure compared
to commercial polysulfone membrane (Merck) of 150–350 L/h.m2 (6–20 bar), which was
reported by Adams et al. [52].
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denotes distilled water and represents the permeability of clean water.

Figure 6 shows that the NOM removal efficiency decreased by increasing transmem-
brane pressure. The results obtained are by previous research, in which the magnitude of
NOM rejection is inversely proportional to the applied pressure [53,54]. The deformation
of the membrane most probably causes it due to high pressure, which causes membrane
compaction that constricts the pore size and the thicker foulant layer that became the
secondary filter on top of the PSf membrane.

The NOM removal efficiency reflected from the KMnO4 organic substances was higher
than the UV254 absorbance obtained in the adsorption process with PAC. The rejection
of NOM by membrane was determined by the adequate pore size [53] and an additional
dynamic layer formed on the membrane surface.

In addition to the NOM removal rate, water flux value was also an indicator of the
optimum pressure. Figure 6 shows that the water flux value was directly proportional to
the pressure. The smallest water flux value was obtained at 1 bar of 13.3 L/h.m2, and the
highest water flux was at 3 bar of 92.5 L/h.m2. The permeability of each pressure to percent
removal of NOM for KMnO4 organic substances and UV254 parameters were determined
to determine the optimum pressure. The highest water flux was obtained with the removal
rate of KMnO4 and UV254 of 94.79 and 94.66%, respectively. The UV254 rejection of the
polysulfone membrane in this work is extremely high over commercial PSf membrane that
was only able to remove about 41% of NOM at 6 bar [52].

The water permeability of treated peat water was smaller than the clean water perme-
ability (Figure 6) due to membrane fouling. However, it was higher by almost two-fold
than peat water permeability without pretreatment, which was also similar reported in
earlier studies [31,41,54]. It was shown that the pretreatment contributed substantially to
reducing the membrane fouling [53].

The permeability decrease in the pretreated peat water filtration can be attributed to
the fouling by the residual NOM that escaped from the pretreatment. However, previous
works by Kang and Choo [41] and Zhang, et al. [55] ascribed the small water permeability
to the use of PAC. The bonding of NOM with PAC particles caused the PAC-NOM particles
to become an additional foulant that blocks the membrane pores or forms a cake layer
on the membrane surface. In this study, the PAC was separated. Hence the foulant was
originated from residual NOM in the feed.

Overall findings suggested that the application of coagulation–adsorption pretreat-
ment of UF is promising to reduce the fouling potential on the feed as indicated by in-

164



Sustainability 2022, 14, 370

creasing the water permeability value and the removal rate of NOM represented by DOC,
KMnO4 organic substance, and absorbance UV254.

In addition, the results obtained were also reinforced with SEM UF-PSF membrane
image after treatment. The SEM images in Figure 7 also show the thickness of the UF-PSf
membrane (determined from the cross-section SEM image) after being compressed at
3 bars was 85.4 µm. The pore structure of the membrane after passing the feed water was
approximately the same as the pristine membrane. It could be seen on the surface of the
membrane there is only a thin layer which is thought to be a cake layer. The additional
cake layer helped enhance the rejection of NOM and the final quality of the permeate. It is
worth noting that a significant difference in thickness was seen from data in Figures 2C
and 7B. The high variability was originated from the cutting process.
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4. Conclusions

This study demonstrated the advantages of combining the coagulation–adsorption
process and membrane filtration to treat fouling-prone actual peat water. The coagulation-
adsorption showed a positive effect as a pretreatment for the ultrafiltration. The pretreated
feed showed a lower membrane fouling propensity. The optimum coagulation/flocculation
and adsorption condition was at Al2(SO4)3 dosing of 175 mg/L and PAC dosing of
120 mg/L, respectively. Higher filtration pressure enhanced the peat water permeabil-
ity. The optimum pressure on the hybrid process was 3 bar with a permeability value of
92.5 L/m2.h and an organic removal rate of 95%. The findings highlight the importance
of the hybrid system for treating challenging feeds that otherwise proven difficult when
applying a standalone system. Moreover, long-term studies are still required to accurately
gauge the performance of the hybrid system for treatment of peat water.
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Abstract: Microalgae immobilisation can be a long-term solution for effective wastewater post-
treatment. This study was conducted to evaluate the ability of immobilised Chlorococcum oleofaciens to
remove contaminants from palm oil mill effluent (POME) until it complies with the POME discharge
standard. First, the native dominating green microalga was isolated from a polishing POME treatment
pond. Then, the microalgae cells were immobilised on sodium alginate beads and cultivated in a
lab-scale-treated POME to treat it further. The immobilised microalgae cells demonstrated a high
removal of total phosphorus, total nitrogen, ammonia nitrogen, and soluble chemical oxygen demand
with 90.43%, 93.51%, 91.26%, and 50.72% of reduction, respectively. Furthermore, the growth rate of
the microalgae fitted nicely with the Verhulst logistical model with r2 of more than 0.99, indicating
the model’s suitability in modelling the growth. Thus, we concluded that the species can be used
for post-treatment of effluents to remove TP, TN, and ammonia nitrogen from palm oil mills until it
complies with the POME effluent discharge standard. However, during the process, degradation
of the beads occurred and the COD value increased. Therefore, it is not suitable to be used for
COD removal.

Keywords: alginate beads; C. oleofaciens; immobilisation; green microalgae; POME treatment;
post-treatment

1. Introduction

The palm oil industry’s contribution to Malaysia’s economic growth and rapid devel-
opment has widely been acknowledged. This industry is rapidly expanding, and Malaysia
is the world’s second-largest palm oil producer. Unfortunately, the large amounts of
byproducts generated during the oil extraction process have contributed to environmental
pollution [1]. The wastewater generated by the palm oil extraction process is known as
palm oil mill effluent (POME). Total solids (40,500 mg/L), oil and grease (4000 mg/L),
chemical oxygen demand (50,000 mg/L), biological oxygen demand (BOD3) (25,000 mg/L),
total nitrogen (TN) (1400 mg/L), and total phosphorus (TP) (150 mg/L) are all present in
large concentrations [2]. According to the Malaysian Department of Environment, POME
must follow regulatory requirements for BOD (20 mg/L), COD (1000 mg/L), total solid
(1500 mg/L), suspended solid (400 mg/L), oil and grease (50 mg/L), and total nitrogen
(50 mg/L) before being released into the environment [3]. However, some of these values
are often exceeded in the POME discharged into the environment. For example, the COD
of POME from Sembilan, Malaysia, was 3250 mg/L [4]. The non-compliance may well be
why the discharge limit for COD and TSS was removed in 1982 [3]. Similarly, the COD
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of POME from Gampong Ujong Lamie, Acheh, Indonesia, was 4177 mg/L exceeding the
country’s 350 mg/L regulatory discharge limit by more than tenfold [5]. Therefore, there is
a need to treat the POME further before releasing it to the environment.

The ponding treatment system, which consists of anaerobic, aerobic, and facultative
ponds, is widely used in POME treatment. Because of its ability to handle large quantities of
POME with low operating costs, this treatment method is used by around 85% of palm oil
mills in Malaysia [6]. However, this treatment system will lead to greenhouse gas emissions,
especially the methane gas that causes global warming. In addition, the characteristics of
the handled POME using this treatment method do not always follow the requirements of
the Malaysian Department of Environment’s industrial discharge standard [7]. Therefore,
there is a need to improvise the current treatment methods.

Many researchers have recently shifted their focus to wastewater reuse to protect the
environment and produce renewable resources such as food, fuel, and feed. Microalgae
are thought to be a promising post-treatment option for agro-industrial wastewater be-
cause of their ability to use nutrients for growth [8]. While doing so, they could reduce
environmental pollution significantly [9]. Value-added compounds can also be extracted
from the microalgae, but the extraction method is crucial to determine the quality of the
compound [10].

POME has been reported in several studies to have the potential to promote the
growth of microalgae because it contains sufficient nutrients, especially TN, TP, and other
organic matters [11]. POME has been successfully used to cultivate Chlamydomonas sp. [11],
Chlorella sorokiniana [12], Botryococcus brauni [13], and a mixed culture of microalgae [14].
However, Kayombo et al., in 2003, reported that a higher concentration of POME would
inhibit microalgae growth due to its biotic and abiotic factors. In addition, the micro-size
of microalgae cells adds to the treatment process’s difficulty. Therefore, before processed
POME is discharged into waterways, microalgae must be harvested. Otherwise, eutroph-
ication, another environmental problem, would occur [15]. One of the difficulties that
many researchers face is the isolation or harvesting of microalgae from treated wastewater.
Harvesting methods such as flocculation, centrifugation, and filtration have been successful
at a laboratory scale, but they require expensive equipment [16]. Immobilisation creates a
protective microenvironment for rapid cell development and enables easier harvesting com-
pared to the free-living cells. Various microalgae cells have been successfully immobilised
in natural polysaccharide gels or synthetic polymers, enhancing biomass stability and
productivity. For example, calcium alginate is one of the most frequently used methods to
trap microalgal cells because it does not need heating and is non-toxic [17]. In this research,
a dominant native green microalga strain was isolated from a polishing pond of a POME
treatment. The strain was used to further treat POME on a laboratory scale. The microalgae
cells were immobilised with calcium alginate to study the effects of nutrient load and light
penetration on microalgal growth and nutrient removal.

2. Materials and Methods
2.1. Sampling of POME

The raw POME samples were obtained from a palm oil mill holding tank at Nibong
Tebal, Pulau Pinang, Malaysia (GPS coordinate: 5◦12′33.7′′ N, 100◦29′01.1′′ E), just before it
was discharged into a cooling pond. Sample collection was conducted using high-density
polyethylene (HDPE) containers with a capacity of 25 L. All POME samples were kept in a
refrigerator at 4 ◦C to reduce microbial activities. The raw POME collected was pre-treated
using two stages of lab-scale treatment: anaerobic and aerobic processes with 50 and
16 days hydraulic retention times (HRTs), respectively. In this analysis, the lab-scale-treated
POME (LABT-POME) was used to ensure that the physiochemical characteristics of the
POME sample did not change significantly during the experiment.
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2.2. Algae Culture Media

Throughout the study, microalgae were grown and cultured using Bold’s Basal
Medium (BBM). The BBM compositions are shown in Table 1.

Table 1. The Bold’s Basal Medium (BBM) composition.

Reagent A per 400 mL

NaNO3 10.00 g
MgSO4.7H2O 3.00 g

K2HPO4 4.00 g
NaCl 1.00 g

KH2PO4 6.00 g
CaCl2 1.00 g

Microelement Stock Solution * per 1 L

ZnSO4 8.82 g
MoO3 0.71 g

Co(NO3)2.6H2O 0.49 g
MnCl2 1.44 g

CuSO4.5H2O 1.57 g

Solution 1 per 100 mL

H3BO4 1.14 g

Solution 2 per 100 mL

EDTA.Na2 5.00 g
KOH 3.10 g

Solution 3 per 100 mL

FeSO4.7H2O 4.98 g
HCl (Concentrated) 1.00 mL

* autoclave to dissolve before storage.

2.3. Isolation and Cultivation of Green Microalgae

The native green microalgae were isolated from the POME treated in a palm oil mill
ponding system (POMST-POME). The sampling site was a polishing pond, as illustrated in
Figure 1. The POMST-POME sample was first examined using a Nikon Eclipse E200 light
microscope to ensure the presence of microalgae. A total of 50 mL of POMST-POME was
added into 250 mL Erlenmeyer flasks before 50 mL of sterilised liquid BBM was added to
each flask. All samples were incubated for 14 days at 35± 3 ◦C with continuous agitation at
100 rpm and 32.4± 2.7 µmol.m−2s−1 illuminations. The visible green microalgae cells were
withdrawn from each flask, diluted into different series dilutions, and then spread onto
the BBM agar plates. These agar plate samples were cultivated under the same condition
for another 14 days. Every agar plate with a single colony was examined under a light
microscope before the colony was streaked onto a new agar plate for another 14 days of
cultivation. This process was repeated several times until a single microalgae species was
isolated. Then, the single species of green microalgae was transferred and grown into a
liquid BBM at the same cultivation condition. The green microalgae were sub-cultured into
a new fresh liquid BBM monthly to maintain the culture.

2.4. Morphological Identification of Microalgae

A light microscope with a magnification of 40× was used to examine the morphology
of the isolated green microalgae. Cellular shape, scale, flagella, and other visible character-
istics of green microalgae cells were reported and compared with the guidebook [18]. In
addition, scanning electron microscopy (SEM) was performed to validate the microalgae
cells’ three-dimensional shape and scale. Before being examined with SEM, the sample
cells were dried and fixed using hexamethyldisilazane (HMDS).
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Figure 1. A polishing pond in a palm oil mill located in Nibong Tebal, Penang, from where the green
microalgae were collected.

Microalgae Sample Processing Using HMDS Method

Each 1 mL green microalgae cell was withdrawn from a stock culture and centrifuged
at 4032 rcf for 15 min. The supernatant of each sample was discarded. The pellet cells were
fixed with the McDowell–Trump reagent, prepared in 0.1 M of phosphate buffer, for 24 h.
After 24 h, each sample was washed with 0.1 M of phosphate buffer twice by centrifuging
and resuspension. The sample was then post-fixed in 1% of Osmium tetraoxide for 1 h.
After that, each sample was washed with distilled water, centrifuged, and resuspended
twice [19].

After the fixation process, all samples underwent a dehydration process by immersing
each sample in ethanol at the concentrations of 50%, 75%, 95%, and 100%, respectively.
Each dehydration process was carried out by centrifugation and resuspension of the
samples. The reaction time for each procedure was 10 min. In the last step, each sample
was immersed in hexamethyldisilazane (HMDS) for another 10 min. Finally, HMDS was
decanted from the samples, and the samples were air-dried in a desiccator at ambient
temperature for one day. Each of the sample cells was coated with gold and examined
under SEM [19].

2.5. Molecular Identification of Algal Strain

One millilitre of green microalgae was taken from each stock culture and centrifuged
for two minutes at 11,200 rcf. The supernatant of the green microalgae sample was dis-
carded entirely, and the suspended biomass of the green microalgae was used in the
molecular identification process. The genomic DNA from the green microalgae cultures
was extracted using Plant DNA Extraction Kits (Vivantis Technologies, Malaysia). The pro-
cedures of the extraction works were conducted according to the manufacturer’s handbook.
The target sequences from the extracted DNA samples were amplified by polymerase chain
reaction (PCR). The target genes were amplified with different primers and PCR protocols,
as listed in Table 2. The PCR was performed using an Eppendorf Mastercycler® ep, Ger-
many. The sequencing of purified PCR product was carried out by the Centre for Chemical
Biology, University Sains Malaysia. The Basic Local Alignment Search Tool (BLAST) was
used to analyse the 18S rRNA sequences. The sequence similarities were compared to the
available database from the National Center for Biological Information (NCBI).
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Table 2. Primer combination, target gene, and PCR protocols used in the present study.

Target Gene Primer (5′ → 3) Protocol Reference

Chloroccocum

Forward primer
CLO-GEN-S3

(GCATGGAATMRCACGATAGGACTC)

Reverse primer
CLO-GEN-A4

(CGGCATCGTTTATGGTTGGTTGAGACTAC)

Initial: 15 min (95 ◦C)
Denaturation: 30 s (94 ◦C)

Annealing: 90 s (63 ◦C)
Extension: 90 s (72 ◦C)

Elongation: 10 min (72 ◦C)

Total runs: 35 cycles

[20]

2.6. Green Microalgae–Alginate Beads Preparation

The procedure was adopted from Ruiz-Marin and Sánchez-Saavedra (2016) [21]. In
brief, 10 mL of the microalgae cells was harvested by centrifugation at 11,200 rcf for 2 min.
The pellets were resuspended in 10 mL of autoclaved sterilised water after the microalgae
supernatant was discarded. A two-per-cent microalgae–alginate suspension mixture was
prepared by mixing each microalgae strain with 10 mL of 4% sterile alginate solution in a
1:1 volume ratio. The mix was vigorously stirred to ensure the uniformity of the solution.
As shown in Figure 2, the mixture was then moved into a 10 mL syringe and placed
8–10 cm above a beaker containing a 2% calcium chloride solution. The microalgae–
alginate mix was dropped into a calcium chloride solution to form the microalgae–alginate
beads immediately. The process created light green spherical beads (as shown in Figure 3a)
with around 3 ± 0.5 mm diameter. The beads were left for four hours in the calcium
chloride solution at room temperature to harden. Next, the microalgae–alginate beads were
washed with a 0.85% sterile sodium chloride solution followed by autoclaved distilled
water to remove any residuals. The same process was used to create blank alginate beads
as control, but distilled water was used instead of condensed microalgae cells. Figure 3b
shows the morphology of the blank beads.

Figure 2. Experimental work for microalgae beads preparation.
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Figure 3. The product of (a) microalgae–alginate beads and (b) blank alginate beads.
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2.7. Experimental Setup

The microalgae–alginate beads were prepared with the following microalgae–alginate
to calcium chloride concentration ratios: 2:2, 2:4, 2:6, 4:2, 4:4, 4:6, 6:4, and 6:6. All of the
beads were placed into Erlenmeyer flasks containing 150 mL of LABT-POME. The flasks
were placed at (35 ± 3 ◦C) with 12 h of light and 12 h of darkness intervals. All samples
were shaken on an orbital shaker model KJ-201B, Xiangtian China, with a speed of 100 rpm
at 32.4 ± 2.7 µmol.m−2s−1 light intensity. After ten days, ten beads from each sample
were removed to determine their hardness and diameter. A texture analyser (TA.XTPlus;
U.S.A.) was used to calculate the beads’ hardness, while a digital calliper (TPI 3C350-
NB; China) was used to determine their diameter. For the post-treatment LABT-POME
study, the microalgae–alginate beads were prepared using the selected best pair of ratios
(sodium alginate: calcium chloride). All of the microalgae–alginate beads were placed
in a 250 mL Erlenmeyer flask containing 150 mL of LABT-POME. Three sets of control
runs were conducted in this study: a blank control run (BLK-CTRL), autoclaved blank
control (AUTOBLK-CTRL), and actual control (ACT-CTRL). BLK-CTRL was prepared with
addition of blank beads into the LABT-POME sample. AUTOBLK-CTRL was prepared by
mixing blank beads with a sterilised LABT-POME sample. ACT-CTRL was prepared by
the addition of microalgae–alginate beads into a sterile LABT-POME sample. All samples
were placed at 35 ± 3 ◦C with continuous agitation at 100 rpm and a light intensity of
32.4 ± 2.7 µmol.m−2s−1. For the growth study, ten beads from each sample flask were
withdrawn every two days and re-dissolved for chlorophyll-a extraction (details are further
discussed in Section 2.8.2). At the same time, 10 mL of LABT-POME was collected from
each flask to test for reducing or removing TN, TP, ammonia nitrogen, and SCOD. The
analysis of TN, TP, ammonia nitrogen, and SCOD was according to the HACH standard
methods. All the experimental works were ended when the beads started to degrade. All
the experimental runs were carried out in triplicates.

2.8. Analytical Methods
2.8.1. Measurement of Substrate Reduction

The percentage of substrate reduction was calculated using Equation (1) below,

p =
So − Se

So
× 100% (1)

where p is the percentage removal; So is the initial substrate concentration (mg/L); and Se
is the concentration of substrate at equilibrium state (mg/L).

2.8.2. Chlorophyll-a Extraction and Quantification

Ten microalgae–alginate beads were collected from each sample every two days. To
obtain cells trapped in the beads, they were dissolved in 10 mL of 0.1 M tri-sodium citrate
dihydrate. The Chlorophyll-a was extracted from the microalgae cells. In brief, each flask
had 1 mL of green microalgae pipetted into a 1.5 mL centrifuge tube. All sample cells were
centrifuged at 11,200 rcf for 2 min. Next, each sample cell’s supernatant was discarded
and resuspended in 1 mL of methanol. Then, all sample cells were vortexed for 5 s and
held at 4 ◦C in the dark for an hour. The sample cells were then centrifuged for 2 min at
11,200 rcf. Finally, UV-spectrophotometer analysis was performed on the supernatant from
each sample cell at 649 nm and 665 nm wavelengths. Equation (2) was used to calculate
the chlorophyll-a concentration of green microalgae [22].

Chl. = −8.0962A652 + 16.169A665 (2)
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2.8.3. Growth Rate Study

The doubling time of the green microalgae was calculated using Equation (3) [23,24]:

td =
ln 2
µ

(3)

where td is the doubling time of microalgae (d), and µ is the specific growth rate of
microalgae (d−1).

The specific growth rate of the microalgae was determined using Equation (4) [22,23]:

µ =
ln x2 − ln x1

t2 − t1
(4)

where µ is the specific growth rate (d−1); x1 and x2 are chlorophyll-a (µg/L); and t1 and t2
are the time within the exponential phase (d).

2.8.4. Growth Kinetic Study

Verhulst logistical model was used to determine the dynamic growth of microalgae in
the present study [25]. The equation as below:

X =
Xoeµt

1− ( Xo
Xm

)(1− eµt)
(5)

where X is the chlorophyll-a concentration of green microalgae in the time-course (g/L);
Xo is the initial biomass concentration of green microalgae (g/L); Xm is the biomass concen-
tration at equilibrium state (g/L); t is the time taken (d); and µ is the maximum specific
growth rate of green microalgae (d−1).

2.8.5. Quantification of Substrate Consumption Rate

The substrate consumption rate of immobilised microalgae was calculated using
Equation (6) [21]:

r =
So − Si
ti − to

(6)

where r is the consumption rate of substrate (mg/L.d); So is the initial concentration of
substrate (mg/L); Si is the concentration of substrate at time ti (mg/L); and to and ti are the
time within the exponential phase (d).

3. Results and Discussion
3.1. Identification of Green Microalgae

Table 3 shows the picture and morphological characteristics of the green microalgae.
The microalgae cells were unicellular and green in colour. As a result, it is classified as a
Chlorophyte [18]. Table 3 shows that the average size of microalgae cells is between 10 and
12 µm. The identities of the microalgae cells were suspected based on their visible charac-
teristics, which are described in Table 3. The morphology and features of these microalgae
led to Chlorococcum sp. as the potential genus. Table 4 lists the most related species for
this green microalga using the DNA sequence in the NCBI method. As shown in Table 4,
the 18rRNA result for this green microalgae showed 99–100% similarity. Therefore, due to
morphology and molecular identification, the microalgal species is most likely C. oleofaciens.

3.2. Selection of the Suitable Beads

The size of the microalgae–alginate beads shrank over time. As a result, some exper-
imental work was conducted to increase the strength of the microalgae–alginate beads
to achieve a longer-lasting duration of beads in the LABT-POME before conducting the
immobilisation studies of C. oleofaciens for POME post-treatment. The beads were rein-
forced using three typical concentration ratios of calcium chloride (2%, 4%, and 6%) to
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microalgae–alginate (2%, 4%, and 6%). Figure 4 shows the hardness of the beads made at
various percentages of calcium chloride to microalgae–alginate concentration ratios. All of
the beads were inoculated for ten days in LABT-POME at the same time. Throughout the
cultivation time, the growth of the strain and the bead degradation were measured. Table 5
summarises all of the data obtained.

Figure 4. Hardness of microalgae–alginate beads prepared from different volume ratio pairs of
microalgae–alginate to calcium chloride.

Figure 4 shows the increased hardness of beads with the increase in the ratio of
microalgae–alginate to calcium chloride. The 6:6 ratio produced the hardest beads, and the
size diameter deteriorated the least throughout the cultivation period, as shown in Table 5.
In addition, C. oleofaciens had a low chlorophyll-a concentration average (2.309 µg/mL).
These data indicate that the strain did not develop well in the 6:6 ratios because the higher
alginate concentration hindered nutrient transport from the LABT-POME into the beads.
As a result, the species’ proliferation in the microalgae–alginate beads was slowed. The
research work from Banerjee et al. (2019) supports this [26]. They reported that increasing
alginate concentration would reduce the pore size of the alginate bead wall, leading to
restrictive uptake of nutrients or other macro-molecules.
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Table 5. Comparison of the strength of microalgae–alginate beads and chlorophyll-a of C. oleofaciens before and after
cultivation in LABT-POME.

Microalgae–
Alginate:CaCl2

(% conc.:% conc.)

Initial Diameter of
Beads (mm)

Diameter of Beads
after 10 Days (mm)

Initial Chlorophyll-a
(µg/mL)

Chlorophyll-a after 10
Days (µg/mL)

2:2 3.5 ± 0.05 1.2 ± 0.03 0.501 5.881
2:4 3.3 ± 0.05 1.8 ± 0.05 0.493 5.679
2:6 3.5 ± 0.03 2.0 ± 0.07 0.512 5.654
4:2 3.3 ± 0.05 2.5 ± 0.08 0.502 5.021
4:4 3.4 ± 0.02 3.0 ± 0.06 0.495 4.978
4:6 3.5 ± 0.02 3.1 ± 0.02 0.522 4.889
6:2 3.3 ± 0.03 3.1 ± 0.09 0.506 2.899
6:4 3.4 ± 0.04 3.3 ± 0.01 0.483 2.333
6:6 3.5 ± 0.01 3.4 ± 0.01 0.517 2.309

The immobilised cells had a high average of chlorophyll-a concentration. The bead
size decreased by more than 65% for the ratio pairs of 2:2, 2:4, and 2:6 after ten days
of cultivation in LABT-POME. This finding shows that the microalgae–alginate beads
made using these ratios were inappropriate for LABT-POME treatment because they
deteriorated quickly. As a result, the 4:4 ratio was chosen as the best ratio for preparing
microalgae–alginate beads. Table 5 shows that after ten days of cultivation, the size of the
beads decreased by approximately 10%, and the chlorophyll-a concentration average from
immobilised C. oleofaciens increased to 4.978 µg/mL from 0.495 µg/mL. This result proved
that C. oleofaciens could be grown in certain proportions in the beads. Hence, a ratio of 4:4
was selected for further study.

3.3. Growth Study of Immobilised C. oleofaciens in LABT-POME

Figure 5 shows the growth of immobilised C. oleofaciens over 16 days. When cultivating
the immobilised stain in the LABT-POME sample, the lag phase took two days to develop.
In the ACT-CTRL sample, the lag phase was developed on the first day. After the lag
time, both the ACT-CTRL and LABT-POME growth curves of immobilised cell cultivation
showed a sharp increase with no stationary phase. The size of microalgae–alginate beads
decreases as the cultivation time increases. Due to this, this study only measured the
growth of immobilised cells for up to 16 days. Consequently, stationary phases were absent
from both growth curves (Figure 5). Over the 16 days, the size of microalgae–alginate
beads in both the ACT-CTRL and LABT-POME samples was decreased by approximately
12% and 30%, respectively. The microalgae–alginate beads degraded due to the higher pH
and TP content in LABT-POME. When cultivated in the LABT-POME study, the size of
microalgae–alginate beads shrank the most. Since alginate is an organic compound, other
microorganisms in the LABT-POME may be causing the beads to shrink [27]. On day 14,
the deterioration of the beads caused the microalgae cell to leak from the beads, resulting in
lower chlorophyll-a concentrations from immobilised cells cultivated in the LABT-POME
sample (35.776 µg/mL) relative to the ACT-CTRL sample (51.435 µg/mL). This result
demonstrates that immobilising microalgae can concentrate a significant amount of biomass
that can be used as a byproduct. The research on the immobilisation of Synechococcus sp.
produced similar results. Immobilised cells, which developed more biomass than free cell
cultures, were immobilised in chitosan to protect the cell walls from NaOH toxicity [28].
Therefore, similar to the previous study, the cells grew faster when immobilised with
alginate beads than free cell culture.
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Figure 5. Average chlorophyll-a concentration of immobilised C. oleofaciens in LABT-POME.

3.4. Removal of TP from LABT-POME

BLK-CTRL has existing POME bacteria, and the bacteria in AUTOBLK-CTRL were
eliminated. The result of this study shows that nutrient removal was not affected by the
presence of the bacteria. Figure 6 shows the absorption of TP by immobilised C. oleofaciens
for 16 days. The TP removal curves for both the ACT-CTRL and LABT-POME samples
decreased over the 16 days. The species took approximately eight days to eliminate
more than 90% of TP from the LABT-POME in an immobilised state with an ingestion
rate of 8.6950 mg/L.d. The higher TP concentration, on the other hand, can hinder the
deterioration of the beads. The Na+ ions exchange ions with Ca2+ ions, loosening the
structure of the beads. Calcium phosphate was then formed by the reaction of phosphate
ions with Ca2+, which increased the turbidity of the LABT-POME [29]. As a result, the
diameter of the beads shrank throughout the 16-day cultivation cycle. The removal of
TP by free-living cells was more than 90% within 16 days of cultivation [30]. However,
immobilised cells could remove more than 90% of TP from POME within just 6–8 days
of cultivation. This result indicates that the efficiency of immobilised cells is higher than
free-living cells. Therefore, the TP removal was probably done not only by algal cells but
also by the beads. However, the removal of TP by beads was not evaluated.
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Figure 6. Removal of total phosphorus from LABT-POME using immobilised C. oleofaciens.

3.5. Removal of Ammonia Nitrogen and TN from LABT-POME

Figure 7a,b depict TN and ammonia nitrogen elimination from LABT-POME over
16 days using immobilised cells. In both the ACT-CTRL and LABT-POME samples, TN and
ammonia nitrogen concentrations decreased over the 16-day cultivation period, as shown
in Figure 7a,b. By referring to Figure 7a,b, the immobilised cells performed a high rate of
removal TN (25.5536 mg/L.d) and ammonia nitrogen (7.3857 mg/L.d). A similar result
was reported by Liu et al. (2012), which concluded that immobilised Chlorella sorokiniana
GXNN 01 removed more nitrogen from synthetic wastewater than free-living cells under
three different conditions: autotrophic, heterotrophic, and 23 microaerobic cultivation over
six days [30]. Within 6–8 days of the cultivation date, the immobilised cells extracted over
95% of TN and ammonia nitrogen from ACT-CTRL and LABT-POME samples. However,
the free-living cells took a longer time (about 16 days) to achieve more than 90% of TN
and ammonia nitrogen removal [30]. This result shows that immobilised cells are more
efficient than free-living cells. When cells are contained inside the alginate, it is shielded
from being ingested by other microorganisms. Furthermore, since nutrients can diffuse into
the beads for C. oleofaciens to absorb, the immobilisation produces a micro-environment
for the species to develop [27]. Therefore, consistent with the previous study, the TN and
ammonia nitrogen can be efficiently removed by microalgae immobilised with alginate.
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Figure 7. Removal of (a) total nitrogen and (b) ammonia nitrogen from LABT-POME using immo-
bilised C. oleofaciens.
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3.6. Reduction of Soluble COD (SCOD) from LABT-POME

Figure 8 shows the reduction of SCOD from LABT-POME over 16 days using immo-
bilised cells. In the first ten days, the SCOD removal pattern is shown to be dramatically
reduced. Within ten days of cultivation, immobilised cells were able to reduce SCOD by
about 60%. Both the ACT-CTRL and LABT-POME samples had significantly higher SCOD
concentrations after day 10. The breakdown of microalgae–alginate beads contributes to
the rise in SCOD. After the degradation of the beads, some functional groups such as the
carboxyl in alginate can contribute SCOD into the LABT-POME [29]. Hence, the SCOD
curve showed a slight increase over the cultivation period. The 60% removal is lower
than the 70% removal by Nannochloropsis sp. microalgae [4]. However, the POME used
by Emparan et al., 2020, [4] was filtered or diluted. In contrast, the raw POME used in
the present study was not diluted but pre-treated using two-stage, anaerobic and aerobic,
lab-scale treatment. Therefore, considering the dilution factor, the total COD removal in
this study was higher than that of Emparan et al., 2020, [4]. Therefore if this lab-scale
treatment can be upscaled, it can be used to treat POME directly, without dilution.

Figure 8. Reduction of SCOD from LABT-POME using immobilised C. oleofaciens.

The SigmaPlot®12.5 programme was used to adapt the growth data for immobilised
cells to the Verhulst logistic model. The kinetic model coefficients are shown in Table 6.
The data fitting curves to the Verhulst logistic model are shown in Figure 9. For growth
in immobilised form, the p-value was less than 0.05. Both systems had an r2 of 0.99. As a
result, the Verhulst logistic model was accurate in describing the growth of immobilised
cells. Similar to Azlin Suhaida et al.’s (2018) research work, the microalgae growth was
also well fitted with the Verhulst logistic model [31]. The growth rate of immobilised cells
was 0.4867 d−1. The high growth rate of immobilised cells could be because cells are pro-
tected from being consumed by other microorganisms in POME. Therefore, the maximum
chlorophyll-a concentration, Xm obtained from immobilised cells at the stationary state,
was 36.9460 µg/mL.
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Table 6. Values of kinetic coefficients.

Microalgae Xo (µg/mL) Xm (µg/mL) µ (d−1) r2 p-Value

Immobilised
C. oleofaciens 0.7034 36.9460 0.4867 0.9887 <0.0001

Figure 9. Fits of the normalised logistic model to the relative reproductive rates of immobilised
C. oleofaciens.

4. Conclusions

The findings of this report suggest that immobilised C. oleofaciens showed good per-
formance in reducing or extracting substrates (TN, ammonia nitrogen, TP, and SCOD)
from POME samples. Furthermore, the growth of the immobilised cells was well suited by
the Verhulst logistical model, with r2 values of >0.95, indicating the model’s suitability in
modelling growth. One of the traditional methods for separating microalgae from treated
wastewater used in this study was the immobilisation of microalgae. However, one of
the key challenges in the post-treatment of POME in the industry is the deterioration of
the beads. As a result, future research should look into the strength of the beads to find
longer-lasting beads for POME phycoremediation.
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Abstract: Poor access to drinking water, sanitation, and hygiene has always been a major concern
and a main challenge facing humanity even in the current century. A third of the global population
lacks access to microbiologically safe drinking water, especially in rural and poor areas that lack
proper treatment facilities. Solar water disinfection (SODIS) is widely proven by the World Health
Organization as an accepted method for inactivating waterborne pathogens. A significant number
of studies have recently been conducted regarding its effectiveness and how to overcome its limita-
tions, by using water pretreatment steps either by physical, chemical, and biological factors or the
integration of photocatalysis in SODIS processes. This review covers the role of solar disinfection in
water treatment applications, going through different water treatment approaches including physical,
chemical, and biological, and discusses the inactivation mechanisms of water pathogens including
bacteria, viruses, and even protozoa and fungi. The review also addresses the latest advances in
different pre-treatment modifications to enhance the treatment performance of the SODIS process in
addition to the main limitations and challenges.

Keywords: water treatment; solar disinfection; pre-treatment; mechanism; SODIS system

1. Introduction

Access to safe drinking water is essential to health, which has been always a major
concern as one of the basic human health fundamental rights worldwide. More than
2 billion people around the world lack proper sanitation and hygiene in terms of drinking
water [1]. Treatment techniques for drinking water in many undeveloped and developing
countries are either insufficient or inaccessible, and thus, millions lack access to safe water
service. However, it has been reported that roughly 144 million mainly rely on surface
water as their main source for drinking, cooking, and daily usage, resulting in half a
million deaths annually, caused by diarrheal symptoms alone apart from other waterborne
diseases [2]. In many urban areas, the governments supply households with clean water,
after intensive treatment with a combination of traditional treatment techniques including
chlorination, filtration, ultraviolet irradiation (UV irradiation), ozonation, flocculation,
Fenton and photo-Fenton approach, etc. However, with the significant increase in world
population, these methods may not adequately address the requirement of all households
for drinking water, especially in the poor villages.

The past few years witnessed the development of many cost-effective and proper
water treatment technologies, using sustainable and eco-friendly principals instead of
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chemical treatment processes [3]. Conventional SODIS has been used in many isolated
regions in Africa and south-east Asia as a household water treatment method [3,4]. The
utilization of solar power in water treatment has recently gained tremendous attention
due to its accessibility, cost-effectiveness, and availability in most undeveloped countries.
Despite the effectiveness and low costs of the most currently applied water treatment
approaches such as ozonation, chlorination, and advanced oxidation processes they have
major drawbacks including the generation of potential harmful byproducts, decomposition
of organic pollutants, and/or inactivation instead of killing of water pathogenic microor-
ganisms [5–8]. Different approaches have been used for solar disinfection, such as the
filling of transparent polyethylene bottles with untreated water and then exposing them to
sunlight for variable time, depending on the climate [9]. This simple procedure was found
to be sufficient for killing the bacteria and other water microorganisms and considered
a successful approach in different regions with illuminated periods such as Cameroon,
India, Senegal, and South Africa [10]. However, conventional SODIS technology has been
associated with several drawbacks, including the small and limited volume of water bottles,
as efficiency of the process mainly depends on various factors including the initial level of
water contamination, solar irradiance, water turbidity, time of day, and the atmospheric
conditions [11]. The required time for some microbial inactivation was reviewed recently
by Malato et al. [12] and reported to range from 20 min to 8 h depending on the microbe.
The long period of time and unavailable direct solar power on some days are some of the
known limitations of the SODIS process. However, great advances have been made in
this field to enhance efficiency and overcome such issues, which can be observed from
the marked accelerated increase of the number of publications each year regarding the
utilization of solar disinfection of water as presented in Figure 1.

Figure 1. The number of scientific publications related to solar disinfection for the past 20 years (search done through
Science Direct database on 4 September 2021 by using the keywords “Solar disinfection”).

Many of these publications reviewed the mechanism of solar disinfection of mi-
crobes [13], modeling approaches to make SODIS faster [14], and photocatalytic enhance-
ment of solar disinfection [11]. Previous reviews either discuss a particular side of the
process or focus on a specific approach such as TiO2 photocatalysts [15], ozone and pho-
tocatalytic processes [16], or the application of SODIS [17]. Chaúque et al. [18] recently
identified the main limitations associated with the conventional SODIS process and re-
viewed its potential and challenges for large-scale application as a drinking water treatment
strategy. This review presents a comprehensive discussion of the SODIS process, its in-
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activation mechanism of different water microorganisms, and the factors affecting the
disinfection process. Different pre-treatment techniques to enhance the disinfection effi-
ciency of SODIS process including the use of chemical agents such as photocatalysts as well
as using synthetic and natural coagulants are also discussed. Finally, the main challenges
and health precautions of consuming water after its exposure to such treatment systems
are covered, presenting the latest health assessment in this regard.

2. Water Treatment Approaches

Several methods have been developed for water treatment depending on the initial
level of water quality, the type of pollution, and the availability. The applicability of these
approaches has always been a great challenge in many countries, taking into consideration
the cost of installation, safety, and the effectiveness. However, most of these methods
are designed to have two major phases: a solid–liquid separation phase, which runs as
a pretreatment step, necessarily followed by a disinfection phase (such as SODIS) [19].
The pre-treatment phase could be physical, chemical, or biological approaches, which
are applied to reduce the water turbidity, resulting from dusts, oil, and/or grease. The
disinfection phase is used to eliminate the microorganisms using UV or solar treatments to
meet the national or international requirements [20]. Despite the cost and applicability, pre-
treatment approaches can be classified into three approaches including physical, chemical,
or biological approaches. Physical approaches are mostly used as pretreatment steps, which
include filtration, adsorption, etc. In some cases, physical approaches may be sufficient
for water treatment, but in terms of water microorganisms, further steps may be required.
Chemical approaches such as coagulation, precipitation, hydrolysis, etc. are not favorable
in terms of drinking water due to the potential health effect for the chemical agents.

2.1. Physical Approaches

The physical water treatment approaches typically consist of filtration techniques that
involve using any particle size-based separation such as screens and cross flow filtration
membranes, in addition to adsorption, sedimentation, and distillation techniques [21].
Physical treatment approaches are typically used in numerous undeveloped and devel-
oping countries as a pretreatment method for removing larger suspended material from
water. Thines et al. [22] stated two main types of adsorption for different pollutants in-
cluding physisorption and chemisorption. However, physisorption occurs due to the
attraction of the organic pollutant and adsorbent by van der Waals force, which is a weak
force (0.4–4.0 kJ/mol) resulting from electrical interactions between two or more atoms
or molecules that are very close to each other, compared with the strong chemical bond
such as hydrogen bonds, ionic interactions, and hydrophobic interactions (15, 20, and
<40 kJ/mol, respectively) that may result between the surface of the adsorbent and the
organic pollutant in chemisorption. Refer to Table 1 for a summary of conventional physical
approaches for water treatment.

Table 1. Illustration of different physical approaches for water treatment.

Physical Approach The Principle Ref.

Adsorption The adsorbent attracts organic and inorganic pollutants, leading to their
accumulation onto its surface and eventually precipitate. [23]

Filtration Passing of water through a permeable membrane containing small pores able
to trap the desired pollutant. [24]

Sedimentation Removing the suspended solids from water by means of gravity or separation. [25]

2.2. Chemical Approaches

The chemical water treatment approach involves using chemicals in an array of proce-
dures to expedite purification or separation of the water pollutant. Chemical approaches
consist of various reactions that eventually lead to neutralization and hydrolyzing the
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water pollutants into harmless chemicals [26]. Salimi et al. [27] stated that coagulation
and advanced oxidation processes are the main chemical methods in water treatment pro-
cesses, which also include ozonation and Fenton treatment. These approaches are usually
followed by photocatalysis and/or membrane techniques. The chlorination technique has
been also used prior to powdered activated carbon filtration as a two-step water treatment
approach [28]. Advanced oxidation is a technique that consists of using oxidizing agents
for the oxidation of the pollutant [29]. Various advantages have been reported to this
technique such as rapid reaction rates compared to similar techniques, not requiring a large
area for processing the water, and less retention time [30].

3. Solar Disinfection and Water Treatment

Solar water disinfection, or simply SODIS, is a water disinfection process widely
known in many African and Asian countries as a simple and low-cost treatment approach
to eliminate the pathogenic microorganisms from drinking water [31]. The SODIS process
is not a recent technology, numerous studies give descriptions of this approach in ancient
India over 2000 years ago, with the water being placed in open trays outside in the sun [32].
However, the exact role and the mechanism of microbial disinfection was discovered during
the 20th century when Aftim Acra et al. conducted and published a similar work explaining
how sunlight disinfects water microorganisms [33,34]. Since then, a significant number
of studies have been conducted revealing the great potential of SODIS in inactivating
pathogenic microorganisms in water [35,36].

3.1. Mechanisms of Solar Disinfection

Recent investigation revealed that the microbial disinfection in the SODIS process is
caused by the effect of two main factors, namely increasing the temperature resulting from
light exposure and UV (A and B) of the solar rays [37]. Most UVC is absorbed while the
rays pass through the atmosphere and the germicidal effect of UVB is significantly stronger
than that of UVA (100 and 1000 times). UVB was found to pass through the atmosphere and
reach natural water bodies, leading to a significant disinfection effect due to the induction of
mutations and possibly apoptosis as well as imminent cell death [38]. Different studies have
confirmed the effect of high temperature resulting from solar exposure on different water
microorganisms, especially its synergistic effect with UV radiation that comes with solar
radiation, which accelerates the disinfection process [39]. The short wavelengths of UVB
(280–320 nm) are highly absorbable by the nucleic acid of living organisms within the water,
causing severe damage in the genetic material and eventually causing their disinfection [40].
Numerous investigations have recently been conducted to confirm the ability and the
mechanisms of sunlight to inactivate different standard microorganisms including bacteria,
viruses, and fungi, in addition to protozoa and some helminths [3,41–43].

3.1.1. Bacterial Disinfection

Bacterial cells contain regulators of reactive oxygen species (ROS) to naturalize any
byproduct resulting from cellular oxidative metabolism or imbalances that may be gen-
erated within the bacterial cells in addition to withstanding the production of reactive
oxygen species by enzyme auto-oxidation [44]. Escherichia coli is known to be the most
frequently studied species, as pathogenic waterborne bacteria and the main pathogen
indicators in drinking water [45]. Solar light was found to affect the endogenous photo-
sensitizers in bacterial cells in addition to ROS production upon exposure to solar light.
Reactive oxygen species have been reported to cause cellular damage by initiating a variety
of cellular reactions such as intracellular oxidation [46]. Berney et al. [47] investigated
the inactivation of this species using the SODIS system and revealed that bacterial dis-
infection was mainly caused by the massive disrupting of cellular function. Upon solar
exposure, efflux pump activity and the synthesis of ATP energy compounds cease shortly
in the initial minutes and accelerated by time, leading to a reduction in glucose uptake
and gradual loss of membrane potential. Finally, the bacterial cell membrane becomes
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highly permeable, and thus the inactivation occurs [48]. Catalase enzyme is the most
known defense line for most bacteria in addition to Ahp Alkyl hydroperoxide reductase,
glutathione reductase (GR), hydroperoxidases (HPI, HPII), and superoxide dismutases
(FeSOD, MnSOD) [49]. Decomposition of hydrogen peroxide was found to be caused by
a catalase enzyme, while scavenging the normally production of hydrogen peroxide in
E. coli is the function of Ahp Alkyl hydroperoxide reductase enzyme [50]. Many studies
stated that H2O2 itself is not harmful to bacterial DNA; however, some studies reported
that oxidation of adenine can be caused by H2O2 production. H2O2 may also engulf and
eliminate the adverse effect of hydroxyl radical and thus, its accumulation could be a sign
of cell survival [51]. Gomes et al. [52] stated that when the bacterial cells are exposed to
solar light, several reactions occur as consecutive events following complex mechanisms,
which may be inhibited in some bacteria by the synergistic effect of ROS and the action of
light. However, prolonged exposure to UVB was found to have direct effect on catalase
functions in E. coli cells, and therefore enhance H2O2 accumulation [53]. UVA irradiation is
responsible for excess production of singlet oxygen, which is an essential factor in bacterial
cytotoxicity and gene expression through excitation of porfyrins and other chromophoric
substances [54]. Catalase (CAT) and superoxide dismutase (SOD) are another two key
enzymes in bacterial disinfection by solar light action. The reduction in these enzymes was
found to be even worse than the over accumulation of ROS inside the bacterial cell. Some
previous studies proposed that the excess H2O2 accumulation inside the cell followed by
the subsequent reactions could lead to genetic mutations and possible cellular apoptosis,
which is also accelerated by solar light [55].

3.1.2. Viral Disinfection

Viruses are obligate intracellular parasites, do not have a cell membrane, and are
present in many environments including water. The endogenic inactivation process of
these microorganisms is less important compared to the bacteria [48]. It has been reported
that virus inactivation by the SODIS process occurs by damaging the viral genome by
reactive oxygen species resulting from dissolved photosensitizers in the water. However,
blocking of the UVB rays was found to prevent direct inactivation of viruses in PET
bottles, and the inactivation was said to be dependent on initial water quality [56]. In
a recent investigation, Sagripanti et al. [57] estimated the potential of solar radiation in
COVID-19 inactivation as double-stranded viruses compared with previous reports of
single-stranded RNA viruses. The authors found that double-stranded viruses should be
inactivated relatively faster than single-stranded upon exposure to solar light. In contrast
to bacteria, viruses are known for their simple structure that consists of protein capsid
surrounding their genetic material. Some viruses contain endogenous chromophores,
able to absorb the visible range of UVA light. Kohn et al. [58] stated that indirect photo-
inactivation of viruses in aquas media can entirely depends on many factors (even in low
concentrations), including exogenous presence, organic matter, nitrate, nitrite, and the
constituents of iron-containing solution, which can significantly aid in sunlight absorption
and thus produce reactive oxygen species such as H2O2, O2

−, O2, and OH−. Studies
evaluating the effect of SODIS process against different viruses that are commonly present
in water are scarce. Many viruses including bacteriophage, bovine rotavirus, and somatic
phage were completely inactivated at three logarithm unit reduction in solar exposure
in less than 3 h [59,60]. Safapour and Metcalf [61] reported that Enterobacteria phage T2
was viable (able to infect the bacterial cells) at 62 ◦C, partially inactivated at 65 ◦C, and
completely inactivated at 70 ◦C in 1.5 h. In a different study, viable FRNA coliphages were
detected in SODIS reactors fitted with reflectors (increasing the water temperature by an
additional 8–10 ◦C to 64–75 ◦C) even though E. coli was easily disinfected under identical
conditions [62]. These viruses have the ability to resist the SODIS process by developing
several protection mechanisms. In a similar investigation, Harding and Schwab [63] were
also unable to reduce the viable murine noro-virus populations by using solar based
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UVA light, revealing the potential of these microorganisms to develop resistance to such
conventional treatment systems.

3.1.3. Disinfection of Other Water Microbes

Other water microorganisms including fungi, protozoa, and some helminths can be
found in water sources and may realistically be classed as serious waterborne human
pathogens. Most fungal disinfection studies using the SODIS process have concentrated on
plant fungi [64]. However, Lonnen et al. [65] demonstrated that Candida albicans is readily
inactivated after 6 h of solar exposure. Many protozoan pathogens commonly present
in water such as Cryptosporidium spp., Giardia lamblia, and amoebae were reported to be
more resistant to the SODIS process than bacteria and viruses [66]. Many waterborne
protists possess, during several phases of their life, a thick-walled chitinous-cysts or
oocysts; these strong structures protect them from undesirable conditions including the
conventional SODIS process as well as other forms of disinfection such as chlorination and
even boiling [67]. García-Gil et al. [48] reported that disinfection of protozoa and fungi
is done through endogenous photo-inactivation mechanisms, which is similar to viral
disinfection (through the action of UVB). However, it has been reported that impure water
can enhance exogenous indirect damage, and thus the inactivation of bacteria as well as
viruses, but not for other microorganisms such as protozoa. Exogenous indirect damage
for protozoa and some fungi is generally negligible as they are characterized by a thick
resistant oocyst-wall [68]. Inactivation of protozoa is a multifaceted mechanism depending
on many factors such as the microbial species and its physiological state in addition to
time of exposure and radiation wavelength. Natural solar light was found to be enough
to deactivate many protozoa such as Cryptosporidium parvum protozoon by direct genome
damage produced by the UVB radiation [69].

3.2. SODIS Effectiveness and Impact

SODIS is a simple process that depends on few factors associated with the initial
quality of water to be treated, the container, and the weather in terms of solar irradiation,
and weather in terms of temperature. The effectiveness of SODIS has been confirmed for
various types of water microorganisms, including bacteria, fungi, viruses, and protozoa [18].
In order to achieve safe inactivation of water microorganisms, a significant number of
studies reported the importance of gathering both the optical and thermal effect resulting
from solar radiation to accelerate the inactivation process [39,70]. The synergistic effect of
thermal and optical effect rays mainly depends on the initial water quality and the type of
container in addition to the seasonal and environmental factors.

3.2.1. Initial Water Quality and Type of Container

The SODIS process involves placing the water (untreated or partially treated) into a
specific container in most cases made from plastic or glass and then exposing it to direct
sunlight for a certain period of time before drinking [1]. Glass containers considered more
transparent and can be used to provide better sunlight penetration, but they have been
linked with many drawbacks including blocking UV radiation, high expenses, fragility,
and weight, making use of polyethylene terephthalate (PET) or polyethylene (PE) [71,72].
Turbidity of water was also found to affect the permeability of solar light; Chauque et al. [73]
found that in water with less than 1 NTU, the water temperature reached 55 ◦C, which
was found to be enough for the inactivation of Acanthamoeba castellanii cysts, Salmonella
typhimurium, E. coli, Enterococcus faecalis, and P. aeruginosa in only 0.5 min. However,
with turbid water (50 NTU). the same inactivation results were only achieved when the
temperature reached 60 ◦C [73]. Amirsoleimani and Brion [74] stated that the inactivation
of E. coli markedly decreased (from 5 to 1 log) with the increase of water turbidity from
0 to 200 NTU. The authors followed the same protocol and found that more than 4-log
inactivation of two Gram-positive bacteria (Staphylococcus epidermidis and Staphylococcus
aureus) was achieved. Pretreatment of water to obtain minimal turbidity is important to
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achieve the synergy of the thermal and optical effects of solar irradiation and thus better
water disinfection. Microbial disinfection could be achieved by any or both of these effects,
depending on exposure time, the type of microorganism, and the intensity. Even enough
heat without solar radiation or in high turbidity may kill the bacteria, the presence of solar
light and less turbidity will significantly enhance and speed up the disinfection process
even with the thermal effect of solar power.

3.2.2. Environmental Factors

Being an environment-dependent process, SODIS is highly dependent on the weather
and solar intensity, which is the major set-back in many countries. Prolonged periods are
required in cloudy weather or during cold season to achieve satisfactory water disinfection.
Luzi et al. [75] stated that on a clear sunny day, 6 h of exposure is enough compared
with cloudy conditions. The effectiveness of SODIS was found to be the best in locations
with significant amounts of strong sunlight during midday, mostly located around the
equator [76]. Various studies have been conducted to overcome the weather issue in
term of partially sunny or during cold season and enhance SODIS; Sommer et al. [77]
suggested using darker containers or painting the underside of them with black to enhance
the thermal disinfection. However, this could increase the water temperature, but it
will prevent the penetration of solar irradiation through the water and minimize the
action of endogenous photo-inactivation (through the action of UVB) [62]. Other studies
reported using concentrators or reflectors to increase solar ray intensity and enhance water
exposure [78,79]; using such method could significantly reduce the required exposure time
and those utilize the partial sunny weather. In monsoon and winter seasons, it has been
reported that log reduction value > 4 can be achieved for an exposure time to sunlight of
around 17 h due to the significant low temperature in some countries, which may require
the use of reflective reactors [39]. However, in hot seasons, only 6 to 8 h were found to
be enough to achieve log reduction value of over 5 even by using the conventional PET
reactors [17,39].

3.2.3. Resistance of Water Microorganisms

Despite the high sensitivity of most waterborne microorganisms to solar disinfection
(thermal and optical effect) and them being easily inactivated by different intensities and
different time, some studies have pointed out the ability of certain pathogens to develop
resistance and adaptation to such conditions [80]. It has been reported that these pathogens,
which include many forms of protozoa (such as Cryptosporidium parvum and Acanthamoeba
spp.) and bacterial spores (such as Bacillus subtilis spores) are also more likely to resist
conventional disinfection processes such as chlorination and ozonation [81,82]. Although
SODIS has proven its ability to inactivate or considerably reduce the viability of most
important and common waterborne disease such as E. coli, total and fecal coliforms as
reported in many studies, the more recalcitrant the pathogen is, the higher doses of solar
radiation and longer the exposure time will be required for its inactivation. Fiorentino
et al. [83] stated that chlorination with only 1 mg/L was found to be more effective
against the vegetative and non-spore-forming bacteria, particularly E. coli, than the use
of H2O2 (50 mg/L)+ SODIS. However, the same authors found that chlorination was less
effective in controlling the regrowth of the same bacteria; the percentage of E. coli in SODIS
treated samples significantly decreased with the increase in incubation time, which was
the opposite in the chlorinated samples [83]. SODIS was effective against chlorine-resistant
microorganisms. Table 2 presents a summary of the literature regarding drinking water
pathogens and their profile of resistance to SODIS.
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Table 2. The effect of SODIS against chlorine-resistant microorganisms.

Microbial Species Treatment
Condition Optical Effect (W/m2) Thermal Effect Time Inactivation Ref

Acanthamoeba castellanii
(cysts)

Simulated sunlight
conditions 550 (UV B) ≤45 6 h 2.2-log [66]

Cryptosporidium parvum
(oocysts)

Simulated sunlight
conditions + TiO2

870 and 200 (UV B and A
respectively) 40 ◦C 6 h 5.9-log [84]

Acanthamoeba castellanii
(cysts) NaCl and NaOCl 243 (UV C) 55 ◦C 2 h 6-log [85]

Cryptosporidium parvum
(oocysts)

Simulated sunlight
conditions + Cl2

- 25 ◦C 1 h >2-log [86]

Bacillus subtilis spores Simulated sunlight
+ TiO2

870 and 200 (UV B and A
respectively) 40 ◦C 8 h 1.1-log [65]

3.3. Enhancement Approaches for Solar Disinfection of Water

The past few years witnessed a significant number of studies aiming to enhance the
efficiency of the SODIS process and overcome its limitations by using a photocatalyst,
pretreatment of water, or using continuous flow-based systems.

3.3.1. Enhancement of SODIS Using Photocatalyst

Advanced oxidation processes have recently been used as a promising option for
drinking water treatment as well as simultaneous mineralization of organic matter [87]. A
photo-assisted Fenton process has been successfully coupled with SODIS for the enhance-
ment of bacterial inactivation. This process combines three main factors including Fe2+,
H2O2, and light [88]. Non-selective ROSs resulting from the consumption of H2O2 are the
main effective factors in this deactivation process, which was found to inactivate most of
pathogenic bacteria present in water. Shekoohiyan et al. [89] fabricated an iron oxide-based
film to enhance the process of solar disinfection. The film was placed inside the plastic
bottles (PET bottles) for better bactericidal capacity. The authors were able to enhance
SODIS and reduce the exposure time by 60% in addition to significantly eliminating micro-
bial regrowth. Titanium dioxide nanoparticles have been used as a photocatalytic water
treatment to degrade organic pollutants and eliminate the pathogenic microorganisms [90].
Owing to its safety and non-toxicity, availability, and low cost, as well as its high photocat-
alytic activity, titanium dioxide (TiO2) has gained the attention of many scientists although
there are some remaining concerns about the separation of the nanoparticles from treated
water. Metal oxide nanoparticles have been reported to display photocatalytic activity,
resulting in the elimination of microbial growth. Zinc oxide nanoparticles possess many
desirable properties such as its unique surface reactivity that is attached to many active
sites, making them emergent and efficient nanophotocatalysts as compared to titanium
dioxide [91]. However, some studies have concluded that nano-sized zinc oxide exhibited
toxicity even at lower doses [92–94]. Pasupuleti et al. [95] reported that the incidences
of microscopic lesions in liver, pancreas, heart, and stomach treated rates were higher in
lower doses of nano-sized zinc oxide compared to higher doses, while for micro-sized zinc
oxide, the incidences of the above lesions were higher in rats treated with a high dose.
The inability to control the dose of zinc oxide in poor villages is still a great challenge that
has restricted its usage. Reddy et al. [96] investigated silver-loaded TiO2 nanoparticles
supported on hydroxyapatite to enhance solar disinfection using E. coli bacteria in aqueous
media, which showed 100% killing of E. coli within only 2 min. The separation of titanium
dioxide is still a major challenge, as this photocatalyst is mostly used in slurry systems, thus
the separation will increase the cost of the treatment process. However, immobilization of
the photocatalyst on specific carriers such as films can overcome the extra costs of doing
the separation step, especially for the household and treatment of small volumes of water.
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It can also be a possible future water treatment approach in industrialized countries using
renewable solar energy [97]. Photocatalytic materials have the advantage of the ability to
be deposited on flexible substrates as coating agents, due to their high flexibility nature.
Numerous studies reported the fabrication of photocatalytic coatings on a wide range of
substrates for water treatment and other applications [98,99]. It is well known that upon
using TiO2, both hydroxyl and superoxide radicals are generated, which act as a catalyst
under direct sunlight (UVA). ROSs including HO and O2

− generated from TiO2, which
are able to oxidize and convert most of the organic molecules to simpler forms or induce
mineralization (complete oxidization to CO2 and H2O) [100]. H2O2 and singlet oxygen are
other oxidative species that may be generated, which also react together with hydroxyl
radicals and superoxide, resulting in bacterial deactivation due to the excessive damage of
their cell membrane and genetic material [101].

Carbon nanoparticles have recently received great attention among scientists, due
to their hydrophobic nature and high surface area of nanoparticles [102]. In addition to
their adsorption role, carbonaceous nanomaterials have photothermal or photocatalytic
properties, making them highly desired in water treatment applications. The antibacterial
activity of these materials is based on the photothermal heat produced by the nanoparticles
when exposed to sunlight (photon energy) [103]. Many studies revealed that the physical
interaction between carbon nanoparticles and the microorganisms can be crucial for solar
disinfection; exposing polyethylene terephthalate bottles of contaminated water for a
certain period of time can lead to 100% killing of all the microorganisms [104]. Malato
et al. [12] reported that the use of photocatalysts was found to significantly shorten the
required time for total disinfection. Carbon nanoparticles induce physical damage to
bacterial cells as a result of their interaction, which can be desirable and helpful for the
SODIS process. Upon the exposure of contaminated water in PET bottles to direct sunlight
for a certain period of time, carbon nanomaterials were found to enhance the description
of bacterial cell membrane. Owing to the generation of photo-thermal heat, when these
nanoparticles are exposed to sunlight, there is a similar mechanism to cancerous cells
destruction [105]. In a recent investigation, Maddigpu et al. [106] prepared composites
from chitosan and carbon nanoparticles by the solution-casting approach and studied
its inactivation efficiency towards E. coli bacteria under sunlight. The authors reported
that the composite significantly enhanced SODIS as compared to the control with higher
bactericidal efficiency. In a different study, Larlee [107] investigated using a low-tech
photocatalyst for solar water disinfection and color removal. The authors used different
bare clays as photocatalysts for the SODIS process, and revealed the ability to inactivate
E. coli within only 1 h of sunlight exposure, suggesting bare clays as cheap material for
potential photocatalysts for SODIS. Refer to Table 3 for a summary of literature regarding
the enhancement of SODIS using different photocatalysts.

Table 3. Summary of the literature regarding the enhancement of SODIS using different photocatalyst.

Photocatalyst Microorganisms
Tested

Enhancing the
Inactivation Rate Time Condition Ref.

Composite TiO2/SiO2/Au
films

E. coli, total
coliforms, and

Enterococci

1.5, 1.3, and 1.6 fold
survival decrease 24 to 72 h Under natural

solar radiation [108]

photo-Fenton system
(Fe3+/H2O2/hv) E. coli Increased by 355% 240 min

Under natural
solar radiation and

natural pH
[109]
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Table 3. Cont.

Photocatalyst Microorganisms
Tested

Enhancing the
Inactivation Rate Time Condition Ref.

ZnO Nanorods E. coli 2.5-fold survival
decrease after 180 min

Under simulated
sunlight of low

intensity
[110]

TiO2
Cryptosporidium

parvum

Enhanced SODIS
elimination from 81.3%

to 98.3%
8 h Cloudy solar

irradiance [111]

TiO2/SiO2 thin films
Vibrio spp.,

Enterococci, and
E. coli

Enhanced SODIS
elimination by 27% 80 min Under natural

solar light [108]

Fe2O3-TiO2-based
nanoparticles Vibrio fischeri 99.4% inactivation

efficiency 240 min

Visible light
irradiation at

different
temperatures

[112]

Nano-structured ZnO E. coli 15% higher
disinfection efficiency 15 min Under actual

sunlight [113]

TiO2 nanoparticles and
ZnO/TiO2

Enterobacter,
Klebsiella and
pseudomonas

Reduction of bacteria
from 3.6 × 108 to
1.63 × 104 CFU

- UV lamp and solar
radiation [114]

TiO2 nanoparticles E. coli

Total inactivation
(6.5-log) compared
with 4-log without

TiO2

240 min Under solar
conditions [72]

Boron-doped ZnO E. coli and
Enterococcus sp.

Total inactivation
(3-log) compared with

1-log of ZnO
180 min

Under solar
simulated

irradiation.
[115]

Fe3+ and H2O2
E. coli and Klebsiella

pneumoniae

Complete inactivation
of E. coli, but K.

pneumoniae decreased
only 1-log.

350 min Under simulated
solar light [116]

3.3.2. Coagulant Pre-Treatment to Solar Disinfection

Most of water bodies possess a certain level of turbidity, resulting from dissolved and
suspended organic materials as well as microorganisms, which are able to block or limit the
penetration of sunlight through the untreated water during solar disinfection [93]. Thus,
many scientists suggested pre-treatment of turbid water to less than 30 NTU before using
SODIS [117]. Numerous methods have been used to reduce turbidity including a variety of
filtration techniques, gravity settling, centrifuge force, and the use of natural and synthetic
coagulants/adsorbents [118]. The use of natural coagulants followed by a filtration process
is highly preferable compared to synthetic coagulation agents due to cytotoxicity concerns.
In a recent investigation, Keogh et al. [119] used Moringa oleifera as a flocculating agent to
reduce turbidity as a pre-treatment for SODIS. The authors reported that this flocculating
agent was able to reduce the turbidity of water samples, leaving a bio-active sludge layer
in the bottoms of the bottles. After 24 h of Moringa oleifera treatment, the authors reported
impressive reduction in water microorganisms compared with untreated turbid controls.
In a different study, an aqua lens coupled with the natural coagulant (Moringa oleifera) was
found to be effective as an eco-friendly and safe treatment approach for households, which
showed great potential in enhancing the efficiency of solar disinfection [120]. Natural
coagulants that release lower sludge quantity are preferable as the post-separation costs
will be reduced and the natural alkalinity of water is retained during the process of the
water treatment [121]. The seed powder of Strychnos potatorum is another effective natural
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coagulant, which was tested by Arafat and Mohamed [122]. The authors reported 90–99%
removal of water bacteria after using this natural coagulant in addition to its coagulation
role. Carica papaya seeds are another natural coagulant obtained from tropical trees and
characterized by cystine protease proteins (water-soluble and positively charged proteins),
which are also utilized as a putative natural coagulant [123]. In a study done by Unnisa
et al. [124], Carica papaya seeds were used as a pre-treatment for SODIS to reduce water
turbidity and inactivate coliform bacteria. The authors reported 100% removal efficiency
for turbidity even at the minimum concentrations of natural coagulant in only 30 min. The
time for SODIS was reduced to 2 h, which was enough to achieve 100% removal of coliform
bacteria from the water. Limited studies have been done on coupling natural coagulant
with the SODIS process. Table 4 presents a summary of studies of using natural coagulants
to reduce the water turbidity and coupling them with the SODIS process.

Table 4. Summary of the literature on using coagulant pretreatment for SODIS process.

Coagulant Initial
Turbidity

Enhanced
Turbidity

Microorganisms
Tested

Inactivation
Rate Time Condition Ref

Powdered Moringa
oleifera seeds 200 NTU 28.5 NTU E. coli 6-log 6 h Direct

sunlight [119]

Opuntia cochenillifera 111 NTU 7.83 NTU E. coli 2.86-log 12 h
Under
natural
sunlight

[125]

Maerua subcordata or
Moringa stenopetala 150 NTU 10 NTU Fecal coliforms Complete

removal 4 h
Under
natural
sunlight

[126]

Carica papaya seeds 60 NTU 0 NTU E. coli and
coliforms

Complete
removal 2 h

Under
natural
sunlight

[124]

Moringa oleifera 150 NTU 3 NTU Total and fecal
coliforms 99% removal 6 h

Under
natural
sunlight

[127]

Artemisia annua - - E. coli, B. subtilis,
and E. faecalis 6-log 6 h

Under
natural
sunlight

[128]

3.4. Continuous Flow SODIS System

In the photocatalytic disinfection process using normal sunlight, it was found that
using photocatalysts (semiconductors) with suitable optical band-gap for the generation
of reactive oxygen species in the presence of solar-light can significantly enhance the
inactivation of microorganisms [35,129]. Several solar light/visible light metallic and
even non-metallic photocatalysts have been investigated and proven to have a significant
photocatalytic potential at laboratory scale [130,131]. Zhang et al. [132] stated that the
operational costs can be reduced by immobilizing the visible light photocatalysts to avoid
the requirement of photocatalyst separation phase. Mbonimpa et al. [38] developed a
continuous-flow reactor based on SODIS by ultraviolet B radiation. For the reactor, the
authors used a quartz tube with an internal diameter of 2.25 cm and placed the tube
in the focus of a solar collector of compound parabolic with 125 cm long and 42 cm
opening. Significant reduction in E. coli count was achieved, which was believed to be
due to the exposure of the raw water for less than an hour and the marked increase in
water temperature. Chauque et al. [73] developed a novel continuous-flow system that
combines both the effect of optical and thermal solar radiation with the recirculation
of water. The authors designed the system to have both disinfection mechanisms of
SODIS using parabolic trough concentrator to increase water temperature with a thermo-
absorbent tube in the focus of the concentrator. Furthermore, the UV irradiator of solar
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power was a Fresnel collector, which joined the parabolic trough with the concentrator,
and then the authors placed tubular quartz reactors (where the water circulates) in the
focus of the concentrators. The authors reported that water temperature reached 70 ◦C,
which then allowed it to flow through the irradiator for several minutes and thus full
inactivation of all cysts as well as water bacteria was achieved [73]. In another recent study,
Roshith et al. [133] reported a novel technique for a continuous flow water disinfection
process by using red phosphorus-based photocatalyst. The authors immobilized crystalline
red phosphorus in the inner walls of quartz capillary tube using a solid-state approach.
The process of continuous water treatment was achieved under direct sunlight using the
set-up as an optofluidic reactor and continuous flow photocatalytic (Figure 2). The reactor
with the immobilized photocatalyst was able to reduce 99.99% of the E. coli in only 14 min
when it was tested under direct sunlight. Furthermore, the authors reported that no visible
colonies were found from the water samples of 28 min exposure time, which confirms the
high efficiency of this process and its promising potential for commercial scale-up.

Figure 2. Schematic illustrations of continuous-flow solar photocatalytic disinfection: (a) the overall
disinfection process, (b) cell viability, and (c) the mechanism of photocatalytic disinfection. Adapted
from Roshith et al. [133].

Numerous designs of SODIS-based continuous flow water purifications systems have
recently been investigated, which were based on different solar radiation collectors able to
increase water temperature in a continuous flow manner. Domingos et al. [134] developed
a continuous-flow SODIS based water disinfection system. This system was composed
of a double reflection disk-shaped collector (3.8 and 1.3 m in diameter). The two solar
disks were able to collect and concentrate the radiation and focus it in the aluminum
block (the reactor) surrounding the tubular channels for water-flow. The authors were
able to achieve 65 ◦C water temperatures on average days of solar radiation with a flow
rate of 63 L per hour. However, this temperature was able to inactivate E. coli and other
waterborne pathogens. Yildiz [135] stated that the raw water should be filtered to reduce
its turbidity and to remove larger particulate matter prior to entering the raw water tank in
the continuous flow water purifications systems. Amara et al. [136] fabricated a solar-based
continuous flow water purification system by using a 1.3 m diameter parabolic solar disk.
The authors attached the focus of the concentrator to a fluid filled chamber, in addition to
using a copper tube (14 mm diameter) to permit fluid-to-fluid heat exchange. By using this
system, the authors were able to significantly enhance SODIS performance by increasing
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the temperature of raw water by more than 8.5 ◦C (from 52 ◦C to more than 60 ◦C) at a
flow rate of 1 L per minute. In a different study, Dobrowsky et al. [137] investigated the
water disinfection efficiency of a closed coupled purification system able to significantly
reduce the number of water microorganisms. Owing to the metal-based system, the authors
were able to significantly enhance the water heating, and reported reduction of E. coli,
heterotrophic bacteria, and total coliforms.

4. Limitations and Challenges of SODIS

Natural sunlight only contains 5% of UV, which may not enough to disinfect all the
water pathogens even using the photocatalysts. Therefore, most of the solar spectrum
is not utilized by these wide band-gap photocatalysts [138]. Another limitation that has
been reported with photocatalytic processes is that the particles of the photocatalysts
are suspended in the reaction as these processes are normally conducted in the batch
mode, forming a slurry of suspended particles of used catalyst, which has to be removed
eventually using a post-treatment step such as centrifugation or filtration [139]. Using
an external UV source and/or a post-treatment step may significantly impede the cost
effectiveness of the SODIS process [140]. Numerous studies aimed to overcome these
issues in the past few years, aiming to develop an effective visible light photocatalyst
able to ensure that the photocatalysis process worked under normal conditions of SODIS
without the need for any external light sources [141,142]. The efficacy and mechanisms
of SODIS against E. coli have been extensively studied since the 1980s; other types of
pathogens are yet to be studied. In this regard, there are no available predictive approaches
for the expected effectiveness of the SODIS process worldwide. Most published studies
conducted on batch experiments suggest that the ability of microorganisms to adapt to
solar may change the statistics of disinfection potential. Although SODIS is proven to be
an effective water treatment process in many low-income communities with promotional
strategies, many concerns have been raised recently regarding the conventional SODIS
process including the fear of leaching in plastic bottles, cloudy weather and latitude, water
turbidity, and community acceptance.

4.1. Leaching in Plastic Bottles and Potential Adverse Health Effects

The use of polyethylene terephthalate bottles in the SODIS system in low-income
communities raises a public concern of potential chemical release at high temperatures.
The use of plastic bottles to expose the water to sunlight, which causes elevation in water
temperature, raises health concerns about the potential generation of photoproducts or
migration of organic compound from the plastic bottles to treated water, which have
been linked with many chronic and genetic disorders [143,144]. A limited number of
research studies assessed the adverse health effects and the potential toxicity of consuming
the water from SODIS process [145,146]. The Ames test was carried out to assess the
potential cytotoxicity of the water resulting from the SODIS process [147,148]. However,
the authors did not report any significant cytotoxicity in the water. The evaluation of
advanced oxidative processes (AOP), as most of the studies claim the toxic effect of plastic,
was carried out either on higher temperatures than sunlight or the direct evaluation of PET
plastic [149]. Westerhoff et al. [150] reported potential health risks from using water after
SODIS treatment, due to the plasticizers and carcinogenic compounds that could leach out
into the water inside the bottles at a higher temperature. The same authors found exceeded
carcinogenic risk levels in SODIS-treated water, which came from the plasticizer di(2-
ethylhexyl)adipate (DEHA). In a different study, Schmid et al. [151] evaluated the potential
transfer of any organic compounds from the PET bottles to treated water during the SODIS
process. The authors exposed the bottles to solar power for 17 h with a total residence time
of 48 h and reported similar values of plasticizer in commercially produced bottled water,
revealing a minimum toxicological risk, and a safety factor of 8.5, for consuming such water.
However, other researchers recommended replacing the plastic bottles at least every six
months to avoid or at least minimize the effects of their wear and tear. Biopolymeric plastic
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based bottles could be used as a safer option than the petroleum-based ones. A significant
number of studies have proven the biocompatibility and safety of using biopolymer-based
materials in different applications [152–154]. We believe that biopolymer-based water
bottles could be a potential solution to remove the health risk concern of conventional
plastic and to minimize plastic pollution and maintain sustainability. Despite the higher
leaching potential of biopolymeric bottles compared with the conventional one, their
natural base makes them a highly preferable and safer option.

4.2. Inclement Weather and Latitude

In the SODIS process, the exposure time of the bottles is mainly dependent on the
weather conditions and the location, which may not be available all the time in many
countries. Luzi et al. [75] stated that it is recommended to expose the contaminated water
for at least 6 h on sunny days in tropical countries, suggesting leaving the bottles to have
a full day in possible cloudy interrupting weather, which is uncommonly found in many
countries. However, according to the Swiss Federal Institute, the top population countries
around the world, including China, India, Bangladesh, Indonesia, Kenya, and Nigeria,
are located in the region considered to be the most suitable regions for SODIS [155]. The
weather may not be suitable all the time, but as discussed earlier, using SODIS enhancers
could minimize the exposure time and thus increase the rate of water treatment. The
use of an external source may increase the costs, but in a large-scale water treatment
project, this could be a good option especially in the regions that usually have cloudy
interrupting weather.

4.3. Water Turbidity and Community Acceptance

Water turbidity is another factor that significantly affects the SODIS process; turbid
water by different suspended particles was found to block solar light from reaching the
microorganisms within the water, and thus, SODIS is unsuitable in areas with water
turbidity of >30 NTU, unless the water was pre-treated or filtered [119]. After treatment,
drinking water should have <1 NTU, but 5 NTU is satisfactory in many rural water facilities.
Successful implementation of a SODIS system requires behavior change as well as alteration
to daily life, which is important to reduce health risks among the residents of particular
communities. Sommers M. [156] stated that SODIS promotion depends on many factors,
which must be taken into serious consideration including risks, attitudes, norms, and
ability, which can all significantly impact the efficiency of promotion. Adopting an at-home
water treatment systems such as SODIS based is still challenging, as it’s associated with
poverty as well as lack of resources. However, a community tends to be less likely to
adopt it than if it was associated with positive emotions, which is the attitude of many
rural areas especially in Africa and southeast Asia [157]. A pre-filter for turbid water
and unsuitable weather requires an additional step/s for the water such as pre-treatment
filtration and external UV treatment, which some individuals may find to be less user
friendly. Furthermore, community acceptance and preconceived notions are further hurdles
that the SODIS process faces in many countries. More studies in this regard should be
conducted to spread knowledge about the effectiveness and safety of such treatment.

5. Future Prospective

Great advances made in recent decades in using SODIS process for water disinfection
have proven that this process is an effective and potentially inexpensive water treatment
method providing safe drinking water. The modification of the SODIS process using
different pre-treatment steps such as coagulant or the use of photocatalysts has significantly
enhanced the performance of the SODIS process which has become able to eliminate most
of water pathogens and thus reduce the prevalence and even mortality of waterborne
diseases. Many communities around the world lacking safe drinking water and still
depending on the conventional SODIS may benefit from such modification techniques for
better water quality in shorter time. Future generations could witness more utilization
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of solar energy in water treatment applications even in developed countries. The direct
conversion of solar energy into electricity using photo-voltaic effects has become priority
for many countries as a more sustainable source of electricity than electricity powered
by fossil fuels [158]. However, these electric power stations could be developed to treat
water and produce energy at the same time. Continuous flow systems for SODIS have
been already achieved; a thin network of tubes can be exposed to solar power in these
stations to continuously provide the water in addition to the energy in a large-scale base
for developed and developing countries. SODIS-based continuous flow systems could
significantly increase the productivity of treated water compared with a conventional
SODIS process (patch-based approach) using bottles. Traditional SODIS has been used
in most cases when sufficient resources of water are not available, especially in rural
areas as we mentioned earlier, for affording more expensive treatments approaches such
as filtration, chlorination, etc. The future of SODIS will not be only based on bottles,
it could be developed to become a faster and more productive continuous flow system.
However, in many poor areas all over the world, household-level SODIS could be their
available option for many years. Based on our previous discussion, a collective of several
studies could be combined together to obtain the desired goal in terms of effectiveness
under affordable costs. The modification techniques of SODIS may not be affordable
for a household-based system, given that if they cannot afford using the conventional
techniques such as filtration and chlorination, it is extremely unlikely that they would be
able to afford SODIS additives such as titanium dioxide. Realistically speaking, the SODIS
process could someday be applied in the large-scale treatment of drinking water, taking
into consideration the benefits of different modification and enhancement techniques that
have been applied by researchers. Further economic evaluation studies are highly needed
that can address the costs of applying such projects and their potential compared with
conventional techniques.
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Abstract: Inadequate management of solid organic waste can lead to the spread of diseases and
negatively affects the environment. Fermentation and vermicomposting of organic waste could have
dual benefits by generating earthworm biomass for a source of animal feed protein, and, at the same
time, turning the organic waste into readily used compost. This study investigated the effect of an
organic waste source (as a sole source or blended with others) totaling 24 media for the cultivation
of the earthworm Eisenia foetida. Eight media sources were applied, namely cow manure, horse
manure, goat manure, broiler chicken manure, market organic waste, household organic waste, rice
straw, and beef rumen content. E. foetida was cultivated for 40 days, then the number of cocoons,
earthworms, and the total biomass weight were measured at the end of the cultivation. Results
demonstrated that the media source affected E. foetida earthworm cultivation. The most effective
media were those containing horse manure that led to the production of the highest earthworms
and the highest biomass. The produced cocoons and earthworms were poorly correlated with an
r-value of 0.26 and p-value of 0.21. Meanwhile, the number and weight of the earthworms correlated
well with an r-value of 0.784 and p-value of <0.01. However, the average numbers and weights of
the produced earthworms in the media containing horse manure, cow manure, goat manure, and
non-blended organic waste were insignificant. Overall results suggest that blended organic wastes
can undergo composting to produce nutrient-rich earthworm biomass while turning the solid organic
waste into readily used compost.

Keywords: biomass; protein source; Eisenia foetida; vermicomposting; organic waste; cultivation media

1. Introduction

Humans, livestock, and crops produce approximately 38 billion metric tons of organic
waste worldwide annually [1]. Such a vast amount of solid waste can have significant
impacts on the disposal and methane emission from the anaerobic fermentation process.
The management and safe disposal of these wastes has become a global priority. Moreover,
the open dumping of organic waste also facilitates the breeding of disease vectors and
creates environmental pollution issues. Fortunately, adequately processed organic waste
can be used for agriculture and industries. Composting is a simple, sustainable option
and is most economical for handling organic waste. Although composting has been
adopted as a primary tool for on-site waste decomposition, it has a few shortcomings,
and long retention time requires frequent aeration, etc. [2]. Organic wastes are naturally
transformed into plant nutrients by a variety of soil decomposers involving bacteria, fungi,
and earthworms [3].
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Vermicomposting is a process for the stabilization of organic material through the joint
actions of earthworms and microorganisms [4]. In this process, microorganisms (bacteria
and fungi) are responsible for the biodegradation of organic matter, while earthworms are
drivers of the process. Earthworms act as mechanical blenders. The biological activities
of the earthworms lead to modification of growth media in terms of biological, physical,
and chemical condition, reducing its C:N ratio gradually, increasing the exposed surface
area to microorganisms and eventually making it more favorable for microbial activities
and further decomposition [5]. Earthworms maintain aerobic conditions, ingest organic
solid, partially convert organics into earthworm biomass and metabolite products, and
expel the remaining partially stabilized product. The vermicomposting yields product
with higher nutrient availability than the traditional composting systems. The nutrients
in vermicompost are also readily taken up by the plants [6]. Apart from producing high-
quality compost, the earthworm biomass can also be used to supply nutrition in livestock
and aquaculture industries.

Eisenia foetida is an earthworm that has a high advantage in reproduction and over-
hauling organic matter into nutrient-rich biomass [7]. Gunya et al. (2016) [8] reported that
the dried E. fetida contains about 45.8% saturated, 22.2% monounsaturated, 31% polyunsat-
urated, 23.5% of n−6 and 8.3% of n−3 fatty acids. Furthermore, it has tolerable crude fibre
levels (10.9%) suitable for fish digestion, and as such promotes high-protein assimilation
efficiency when used as a component of fish feed [9]. In other reports, the nutrient content
of earthworm E. foetida and the Lumbricus rubellus mixture are dry matter 12.9–25%, crude
protein 58.2–71%, crude fat 2.3–10%, crude fiber 0.73–3.3%, carbohydrates 21%, ash 5.2–10%,
calcium 0.33–0.8%, phosphorus 0.7–1.0% and total energy 17 MJ/kg [10–14]. Meanwhile,
the essential amino acid content (in g/100 g protein) are phenylalanine 3.5–5.1, valine
4.4–5.2, methionine 1.5–3.6, isoleucine 4.2–5.3, threonine 4.8–6.0, histidine 2.2–3.8, arginine
6.1–7.3, lysine 6.6–7.5, leucine 6.2–8.2 and tryptophan 2.1. The content of non-essential
amino acids (in g/100 g protein) are cysteine 1.8–3.8, tyrosine 2.2–4.6, aspartic acid 10.5–11.0,
glutamic acid 13.2–15.4, serine 4.2–5.8, glycine 4.3–4.8, alanine 5.4–6.0 and proline 5.1 [8,15].
E. foetida biomass is considered among the promising non-conventional protein sources
for animal and fish feed ingredients thanks to its high protein levels, proper amino acid
profile, high reproduction rate, low mortalities, fast growth and ease of production [16].

Earthworm cultivation for biomass production is highly attractive given the high
nutritional value of its flour as a source of animal protein and amino acids for animal
and fish feed. High earthworm biomass is generally obtained from the production of a
high number of cocoons (earthworm eggs). The earthworm life cycle is divided into four
stages, namely cocoon production, incubation, hatching, and growth [17,18]. The cocoons
produced by earthworms are influenced by population density, temperature, humidity,
and the energy content available in the feed/media. Some earthworm species naturally
produce cocoons throughout the year when the soil is moist, feed reserves are sufficient and
other environmental factors are favorable. The earthworm E. foetida can produce 14 cocoons
in 70 days or one every five days [19]. The number of earthworms that hatched ranged
from 1–7, with an average of 3.9 per cocoon. E. foetida reaches sexual maturity at the age
of four weeks; this is marked by the formation of a clitelum. At that age, earthworms can
mate and produce cocoons at the age of 35 days, so the entire time required for one life
cycle is 40–60 days. The life span of the earthworm E. foetida is estimated at 4.5 years [20].

One component of E. foetida earthworm cultivation technology that can increase
cocoon and biomass production is the use of earthworm cultivation media that is suitable
for earthworm life. A good earthworm media comes from organic waste. Organic waste is
the material left over from the activities of human, animal, and plant life that are wasted
and have no economic value. Materials used as earthworm cultivation media must be
able to retain moisture, porosity and contain sufficient food substances, including protein,
carbohydrates, minerals and vitamins, fat, and crude fiber [4,21,22].

The potential of E. foetida biomass as a nutrient-rich feed source has long been recog-
nized. Therefore, many reports are available on the cultivation performances of E. foetida
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in various media (i.e., cattle and goat manure [23], various organic wastes [24], etc.). The
cultivation performances seemed to differ slightly and were affected by the nutritional
content of the media. However, most of those reports focus on the vermi composting aspect
of organic waste management. Recently, vermicomposting of different types of waste using
E. foetida has been reported. The use of those waste for cultivation of E. foetida increased
the organic nitrogen, organic carbon and phosphorous content significantly [7]. More
recently, vermi composting using E. foetida was reported for conversion of vegetable solid
waste amended with wheat straw, cow dung, and biogas slurry [25]. It resulted in agro-
nomic potentials of nutrient-rich vermicompost with acceptable C:N ratio ranges (≥1:20),
demonstrating that E. foetida facilitated conversion of organic wastes into nutrient-rich
biofertilizer if mixed with bulking materials in appropriate ratios. This study focused more
on the exploration of organic waste directed to nutrient-rich biomass production yields.
Eight main sources of the cultivation media (and 16 other combinations) were evaluated to
assess their suitability as cultivation media for E. foetida biomass production.

This study investigated the effect of cultivation media on the produced number and
the biomass weight of the E. foetida earthworm. Eight sources of media were applied,
namely cow manure, horse manure, goat manure, broiler chicken manure, market organic
waste, household organic waste, rice straw, and beef rumen content. They were also
blended to form a total of 24 cultivation media. After media preparation, E. foetida was
cultivated for 40 days. At the end of cultivation, the number of cocoons, earthworms, and
the total weight were measured. The relationships between media source and composition
with the production of cocoon, earthworm, and biomass were later analyzed and also
linked with the nutritional composition of the media.

2. Materials and Methods
2.1. Preparation of the Cultivation Media

The compositions of all growth media evaluated in this study are summarized in
Table 1. The base media for the cultivation were cow manure, horse manure, goat manure,
broiler chicken manure, cow rumen contents, wet market organic waste, household organic
waste, rice straw, and some combinations thereof. Few criteria were used as the basis for
selecting the organic waste base media, namely: its local availability in the field (potential),
not competing for its use for basic human/animal needs, and a good source of carbon (C)
and nitrogen (N) for the earthworm growth building block and nutrition.

The preparation of the growth media was carried out in stages, as follows below. The
market and the household organic waste were separated from glass, metal, and plastic
materials, leaving only the organic fraction. Most of the organic fraction contained spoiled
vegetables, fruit, and food waste. The organic waste was washed with clean water to
remove the adhering dirt and to release odors. The organic material was then finely
chopped or blended to sizes of 2–3 cm, then further grounded and screened with a mesh
number of 18, resulting in a maximum particle size of 1 mm to ease the composting. Ten
kg of each type of waste was then fermented. After collection from the farm, fresh rice
straw waste was chopped or blended to sizes of 2–3 cm, then finely grounded. Later, 10 kg
of the fine rice straw waste was composted. Ten kg of cow manure, horse manure, goat
manure, broiler chicken manure, and the cow’s rumen contents were then placed in a barrel
for composting.

After composting of the organic waste media, 2.5 kg of each medium was separated
for cultivation. Each homogeneous medium was used for worm cultivation without mixing
with others. These were cow manure (CM), horse manure (HM), goat manure (GM),
broiler chicken manure (BM), market organic waste (MW), household organic waste (HW),
rice straw (RS), and beef rumen content (RC), totaling eight growth media. The blended
media were formed by mixing two media with equal weight composition (wt.%). They
were CM + MW (CW-MW), CM + HW (CM-HW), CM + RS (CM-RS), CM + RC (CM-RC),
HM + MW (HM-MW), HM + HW (HM-HW), HM + RS (HM-RS), HM + RC (HM-RC),
GM + MW (GM-MW), GM + HW (GM-HW), GM + RS (GM-RS), GM + RC (GM-RC),
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BM + MW (BM-MW), BM + HW (BM-HW), BM + RS (BM-RS) and lastly BM + RC (BM-RC),
totaling 16 media. Each growth medium was put into a nest box, dosed with 0.3 wt.%
of lime (to maintain the pH close to normal value) followed by blending, after which
it underwent aerobic composting for 21 days. During the composting, the media was
stirred once a week. After media preparation, their nutrition contents were analyzed
approximately according to a method developed by Henneberg and Stohmann [26] to
determine the content of crude protein, fat, crude fiber, and ash as detailed elsewhere [27].
The analytical method was developed to provide a top level, very broad classification of
food components [27].

Table 1. Details of the growth media evaluated in the present work.

No. Code Media Source of Collection

1 CM Cow manure Local farmer
2 HM Horse manure Local farmer
3 GM Goat manure Local farmer
4 BM Broiler chicken manure Local farmer
5 MW Market organic waste Wet market
6 HW Household organic waste Household waste
7 RS Rice straw Local rice farm
8 RC Beef rumen content Local slaughterhouse

9 CM-MW CM + MW

The media were from from equal wt.%

10 CM-HW CM + HW
11 CM-RS CM + RS
12 CM-RC CM + RC

13 HM-MW HM + MW
14 HM-HW HM + HW
15 HM-RS HM + RS
16 HM-RC HM + RC

17 GM-MW GM + MW
18 GM-HW GM + HW
19 GM-RS GM + RS
20 GM-RC GM + RC

21 BM-MW BM + MW
22 BM-HW BM + HW
23 BM-RS BM + RS
24 BM-RC BM + RC

2.2. Cultivation Process

The study was conducted by cultivating earthworm species of E. foetida collected
from the Zoology Laboratory of IPB University. The cultivation was done during
September–December 2019 by using cultivation media detailed in Table 1. The cultiva-
tions were carried out in a cage (nest box) made from thatched roofs and bamboo. All nest
boxes were placed on a plastered floor and were assigned a pre-randomized code. They
were covered tightly to avoid predators, to reduce water evaporation, and to maintain
moist conditions. After completion of the media preparation each nest box was filled with
2.5 kg of growth media.

The earthworms were introduced into each nest box with a stocking density of 10 g
per kg of growth media. The earthworm broodstocks were placed into the middle of the
piled media through a top hole and were cultivated for 40 days. The medium was mixed
on days 8, 15, 22, 29, and 36 of the cultivation. The harvesting of earthworms was carried
out on day 40, whereby the data on cocoon and biomass (number and weight) of the
earthworms was collected.

During the research, measurements of pH, humidity, and temperature of the media
were carried out every two days at 1:00 p.m. during the media composting and over the
entire duration of the earthworm cultivation. In addition, the daily temperature of the
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environment inside the nest box was measured three times a day: at 6:00 a.m., 1:00 p.m.,
and 8:00 p.m. If the temperature of the media or the environment in the cage increased, it
was sprayed with water. The temperature was maintained in the range of 18–27 ◦C.

2.3. Experimental Design and Statistical Analysis

The formulation of the media was done based on a completely randomized design,
resulting in 24 combinations (as listed in Table 1). For each media, the cultivation was
done in triplicate, resulting in a total of 72 nests. The data on mortality rate, cocoon
production, earthworm production, and mass of the produced earthworms were analyzed
statistically. The significance of each parameter was evaluated using the one-way analysis
of variance (ANOVA) at 95% confidence intervals (p < 0.05). Then, the Tukey HSD post
hoc test was performed to identify which pairs of mean were significantly different. The
Pearson coefficient of correlation was applied to identify the relation between the cocoon
and earthworm number, as well as the total weight of the produced biomass.

3. Results and Discussion
3.1. Mortality Rate

Figure 1 shows the mortality rate of the inoculated E. foetida earthworm. Four media
were found not suitable because no earthworms survived at the end of the cultivation.
These media were MW, BM, BM-MW and BM-HW. They were excluded from the results
presented in subsequent figures. Figure 1 also shows that media containing the broiler
chicken manure led to a significantly high earthworm mortality of 81.9 ± 36.3%. No
earthworm survived in BM, BM-MW, and BM-HW media; the mortality rates in BM-RS
and BM-RC media were 27.4 ± 2.5% and 68.1 ± 5.0%, respectively. Media containing
the horse manure showed an average mortality rate of 16.6 ± 3.9%, followed by the ones
constituted of the cow manure and the goat manures with average mortality rates of
3.2 ± 3.4% and 1.3 ± 2.6%. Interestingly, despite showing 100% mortality when used
as the sole component of the growth media, the market organic waste can still be used
in combination with other media to lower the mortality rate, suggesting that blending
of organic waste from different sources can be optimized to support the growth of the
earthworm E. foetida.
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Figure 1. Earthworm mortality rate under different cultivation media.

The summary of the compositions of all media tested in this study is detailed in
Tables 2 and 3. The four media with high mortality rates had relatively high phosphorous
content (of 0.91–1.13%) which were much higher than the rest, with an average of 0.49%.
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Exposure to a high concentrations of phosphate (i.e., iron phosphate) increased earthworm
mortality, and surviving individual worms gained less mass [28].

Table 2. Composition of the cultivation media.

Cultivation Media Water (%) Ash (%) Protein (%) Fat (%) Fiber (%)
RC 16.96 14.99 17.6 0.04 33.76

MW 21.41 17.16 18.66 2.69 33.86
RS 17.61 26.88 8.33 0.07 20.83

HW 28.38 16.71 21.12 2.73 23.72
CM 15.37 51.97 10.62 0.54 16.21
GM 19.69 21.15 17.84 0.92 32.9
HM 17.74 31.54 13.2 0.14 25.73
BM 23.87 24.35 24.93 1.25 16.53

BM-RS 18.76 33 15.49 0.15 17.27
BM-MW 21.82 26.3 22.29 2.42 9.47
BM-HW 25.94 23.15 24.29 1.56 21.17
BM-RC 18.49 21.33 14.79 0.52 25.95

HM-RS 16.07 30.28 9.39 0.62 26.24
HM-MW 15.73 30.21 9.86 0.34 27.44
HM-HW 16.89 29.06 9.27 0.55 27.4
HM-RC 15.62 26.24 10.44 0.13 31.73

GM-RS 17.16 24.34 15.9 0.46 31.58
GM-MW 18.78 19.37 19.71 0.89 35.24
GM-HW 20.51 18.45 18.71 2.05 35.65
GM-RC 18.66 20.44 17.89 0.63 36.99

CM-RS 14.85 38.1 10.86 0.35 15.9
CW-MW 15.52 41.74 11.73 0.05 21.54
CM-HW 18.67 40.3 13.73 0.17 16.2
CM-RC 16.08 33.74 11.5 0.18 18.44

Table 3. Macronutrient composition of the cultivation media.

Cultivation Media N
(%)

P
(%)

K
(%)

C
(%)

C/N
(-) Organic (%)

RC 2.82 0.78 0.7 42.23 14.98 70.63
MW 2.99 0.4 1.66 46.02 15.39 79.16
RS 1.33 0.09 0.95 40.62 30.54 69.87

HW 3.38 0.48 1.97 46.27 13.69 79.59
CM 1.7 0.49 1.11 26.68 15.69 45.89
GM 2.85 0.41 1.39 43.81 15.37 75.35
HM 2.11 0.74 1.03 38.11 18.06 65.55
BM 3.99 1.13 1.5 42.03 10.53 72.29

BM-RS 2.48 0.91 1.46 37.22 15.01 64.02
BM-MW 3.57 0.99 1.6 40.94 11.48 70.42
BM-HW 3.89 1.01 1.54 42.69 10.97 73.43
BM-RC 2.37 1.09 1.2 43.71 18.44 75.17

HM-RS 1.5 0.43 0.86 38.76 25.84 66.67
HM-MW 1.58 0.68 1.2 38.77 24.54 66.69
HM-HW 1.48 0.74 1.2 39.41 26.63 67.79
HM-RC 1.67 0.79 0.93 40.93 24.54 70.48

GM-RS 2.54 0.26 1.26 42.03 16.55 72.3
GM-MW 3.15 0.37 1.62 44.79 14.22 77.05
GM-HW 2.99 0.37 1.68 45.31 15.15 77.93
GM-RC 2.86 0.52 1.32 44.2 15.45 76.02

CM-RS 1.74 0.3 1.1 34.59 19.88 59.15
CM-MW 1.88 0.33 1.26 32.37 17.22 55.67
CM-HW 2.2 0.53 1.32 33.13 15.06 57.05
CM-RC 1.84 0.67 1 36.81 20.21 63.31

3.2. Cocoon Production

Figure 2 shows the number of produced cocoons after 40 days of cultivation. The top
three highest cocoon productions were achieved by media from blended sources. There
were CM-HW, GM-RC, and SW-MW, with the average number of cocoon production of
318.3 ± 0.6, 296.0 ± 1.0, and 217.7 ± 0.6, respectively. The respective average cocoon
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production for cultivation in media containing the goat manure, the cow manure, the horse
manure, the non-blended and the broiler chicken manure were 180.8 ± 68.4, 160.1 ± 103.7,
90.3 ± 17.0, 83.7 ± 46.1, and 7.0 ± 4.2, which was in the range of earlier report [29]. Media
containing broiler chicken manure were less attractive for cultivating E. foetida judging by
both the mortality and the cocoon production rates. The low numbers of produced cocoons
can be justified by the low number of surviving earthworm broodstocks cultivated in the
chicken manure containing media (see Figure 1).
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Results in Figure 2 suggest that the media source for E. foetida cultivation had a
significant effect on the number of the produced cocoons, as also reported recently [29].
The cow and goat manures showed a higher amount of cocoon production because E. foetida
has a natural habitat similar to the one suitable for decomposition of organic matter by soil
microorganisms [21,30,31]. The presence of these microorganisms can increase the ability
of earthworms to digest organic matters in their digestive tract [20].

The cocoons produced varied in terms of shape, size, weight, and color. The cocoons
of E. foetida were generally oval to round, with an average length of 4.103 mm and a
width of 2.6 mm. The weight of the cocoons also varied depending on size, with an
average weight of 1.3 mg/unit, which is significantly lower than the one reported earlier
(12–23 mg/unit) [32]. The color of the cocoons varied from beige (light yellow) to dark
yellow or light brown, and some were even dark brown. The color of the cocoons generally
depends on the age of cocoons. Newly produced cocoons were cream or light yellow
and even very clear (close to white). However, with increasing age the cocoons, the color
turns yellow or brown, and even before hatching the color of the cocoons approaches
dark brown.

In terms of nutrition, based on the results of the proximate analysis in Tables 2 and 3,
the crude protein content of the CM-HW medium was 13.73%, fat 0.17%, crude fiber 16.20%,
N 2.20%, P 0.53%, K 1.32%, C 33.13%, C/N ratio of 15.06 and organic matter of 57.05%.
The GM-RC contained nutrients of 17.89%, crude protein, 0.63% fat, 36.99% crude fiber,
2.86% N, 0.52% P, 1.32% K, 44.20% C, C/N ratio of 15.45 and organic matter of 76.02%.
Meanwhile, the nutrient content of SW-MW was 11.73% of crude protein, 0.05% of fat,
21.54% of crude fiber, 1.88% of N, 0.33% of P, 1.26% of K, 32.37% of organic C; C/N ratio
of 17.22% and organic matter of 55.67%. When compared with HW, which produced the
lowest cocoons, it contained 21.12% of crude protein, 2.73% of fat, 23.72% of crude fiber,
3.38% of N, 0.48% of P, 1.97% of K, 46.27% organic C, C/N ratio of 13.69 and organic matter
of 79.59%.
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Analysis of the nutritional data for the mixture of E. foetida earthworm cultivation
media listed in Tables 2 and 3 showed that to produce the most cocoons, E. foetida re-
quired crude protein, fat, crude fiber, N, P, K, organic C, C/N ratio and organic matter of
11.73–17.89%, 0.05–0.63%, 16.20–36.99%, 1.88–2.20%, 0.33–0.52%, 1.26–1.32, 32.37–44.20%,
15.06–17.22 and 55.67–76.02%, respectively. The application of a mixture of media contain-
ing too much protein (>18%) would not increase cocoon production. This is in accordance
with an earlier report [14] that found that the best feed for earthworms contained 9–15%
protein under a neutral pH. Furthermore, either excess protein interfered with the digestive
system of the E. foetida earthworm, or protein poisoning occurred in the form of swelling
of the cache, thus affecting the health of the earthworms and ultimately affecting their
productivity, and even causing death [33,34]. The cultivation media of MW contained
21.12% protein, which made it unsuitable for E. foetida earthworm cultivation, as shown in
Figures 1 and 2.

The rate of cocoon production is also affected by the nutrient content of the cultivation
media. Among these nutrients, phosphorus (P) is positively correlated with the production
of cocoons (eggs). This is in line with earlier reports [11,35] that the minerals that play a
major role in the process of egg formation are calcium and phosphorus. Phosphorus is
important in energy metabolism, carbohydrates, amino acids and fats, fatty acid transport,
and coenzyme parts. Therefore, in the selection of organic waste as a medium or feed for
earthworms, it is necessary to pay attention to the content of these two minerals, especially
when aiming to produce a high number of cocoons. However, phosphorous in the form
of iron phosphate increased earthworm mortality, and surviving individuals gained less
mass [28]. As shown in Section 3.1, phosphorous content of less than 1% is recommended
to avoid the poor survival rate of the earthworm broodstock.

In addition to media nutrients content, cocoon production during cultivation of
E. foetida was also influenced by environmental factors such as temperature, pH, and
humidity [3,30,36]. For the CM-HW that resulted in the highest cocoon production, the
average temperature of the media was 28.92 ◦C, pH 6.46, and with a relative humidity of
56.55%. In addition, earthworm communities are generally very sensitive to physicochemi-
cal properties of the media, which directly or indirectly influence the earthworm’s survival.
The difference in physicochemical properties of media at different sites contributed to the
formation of population patches for the earthworm species [37].

3.3. Cocoon Hatching

Data in Figure 3 show that the use of various types of organic waste as media material
for the cultivation of E. foetida had a significant effect on biomass production, both in num-
ber and weight. When viewed as the media content, the average earthworm production
from the highest to lowest were 1168.7 ± 383.3, 620.9 ± 489.4, 578.7 ± 328.6, 508.0 ± 291.1,
and 47.5 ± 13.9 for the horse manure, the non-blended, the goat manure, the cow manure,
and the broiler chicken manure, respectively. Analysis using the Tukey HSD test confirmed
that the numbers of produced earthworms for the first four media were insignificant, with
a Q-critical of 4.11 higher than the Q-statistic range of 0.55–3.65 for all possible pairs.

Figure 3 shows the ratio of the produced cocoon to the produced earthworm under
different cultivation media. It shows a very large variability with an average value of
11.0 ± 18.7 earthworm/cocoon. The large variability was due to the extremely high
earthworm/cocoon ratio for the HW medium. The produced cocoons were 0.7 ± 0.6,
and the produced earthworms were 58.0 ± 1.0. When it was excluded, the average value
of the earthworm/cocoon became 7.0 ± 5.7. It is much higher than the one reported
elsewhere [19], in which the average number of earthworms/cocoons was 3.9.

Results of the Pearson coefficient of correlation suggest a positive but poor correlation
between the number of the cocoons and the number of the earthworms, with an r-value of
0.26 and p-value of 0.21. Apart from showing a clear difference in the number of produced
earthworms, the size and weight of the produced earthworms are also more important in
determining the yield of biomass production during cultivation. The results of each type
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of organic waste as a medium for 24 types of organic waste indicate that the earthworm
E. foetida has different abilities in producing biomass depending on the type of organic
waste used as cultivation media. The findings are in line with the variability shown for the
mortality rate and the cocoon production.
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3.4. Biomass Production

Figure 4 shows that the total mass of biomass produced is affected by both the number
and the weight of the earthworms. Analysis using the Pearson coefficient of correlation
between the number of earthworms and the total weight resulted in an r-value of 0.78
and p-value of <0.01. Indeed, more earthworms produced would lead to higher total
biomass. The trend on the total weight of produced biomass is also generally in line with
the number of the produced earthworms, as shown from the highest to lowest group
of 1062 ± 327, 368 ± 256, 335 ± 197, and 111 ± 110 earthworms. In general, a higher
number of earthworms lead to a higher yield of biomass. However, a few exceptions can
be observed. For example, CM-RC, HM-RS, and HM-HW showed the three highest total
biomass weights, with an insignificant difference based on the Tukay HSD test. However,
there was substantial difference in the number of earthworms of 896, 1571, and 958 with
an average biomass weight of 60, 34 and 54 mg/earthworm, respectively. HW media
had among the lowest number of earthworms at 58.0, but still produced a relatively high
biomass amount of 39.7 ± 6.4 g, corresponding to the specific weight of earthworms of
684 ± 109 mg/earthworm.

Figure 4 shows the total weight and the number of produced biomass. Based on the
total weight of the earthworms produced, they can be classified into four groups that had
significant differences from the Tukey HSD analysis. The first group constituted of eight
media, namely GM-RC, HM-RS, HM-HW, CM, HM, CM-RC, HM-MW, and GM with an
average total biomass weight of 50.8 ± 2.3 g/nest box. The second group consisted of
five media of GM-RS, CM-HW, CM-RS, HW, and GM-HW with an average total biomass
weight of 41.8 ± 2.3 g/nest box. The third group constituted four media of GM-MW, RC,
HM-RC, and SW-MW with an average total biomass weight of 36.3 ± 0.5 g/nest box. Lastly,
the media with the significantly lowest average total biomass weight of 16.6 ± 2.6 g/nest
box constituted RS, BM-RS, and BM-RC.
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In terms of the content of the media, the highest biomass production was obtained for
cultivation in media containing horse manure, goat manure, cow manure, non-blended,
and, lastly, chicken manure, with an average total biomass weight of 47 ± 8, 44 ± 8, 43 ± 6,
41 ± 12 and 16 ± 2 g/nest. Statistical analysis on the effect of the media source revealed
that the biomass production rates of all media were insignificant except for the cultivation
in media containing broiler chicken manure. The media contained horse manure, cow
manure, goat manure, and non-blended sources yielded about similar total biomass, as
ascribed from the Tukey HSD test. The Q-statistic of 4.11 was much higher than Q-critical
ranged at 0.15–1.46 for all possible pairs. The similarities in the efficacy of the media can be
attributed to their similarities in nutrient contents listed in Tables 2 and 3.

The yields of the biomass production were positive (greater than the weight of the
inoculum) for all media in groups 1, 2, and 3. The biomass yields for the media in group 4
were negative, suggesting that the total mass of the harvested biomass was less than the
one inoculated. By looking into the yield it seems that only group 1, which consisted of
eight media, could be considered attractive for E. foetida. This resulted in a biomass yield
of 103% higher than the one inoculated.

The highest amount of biomass production in group 1 was also influenced by environ-
mental factors (pH, temperature, and humidity) and adequate media nutrition or feed so
that earthworms could produce optimally. The average pH of the eight media was 6.44;
the average media temperature was 27.65 ◦C and the media humidity was 57.5%. This is in
line with an earlier report [38] that the earthworm E. foetida can reproduce at a temperature
of 32 ◦C with an optimum temperature of 28 ◦C. The preferred humidity of the media
needed for earthworms ranged from 50 to 80% [39].

The nutrient content of the eight media with the highest biomass-producing media
was protein, with a content of 9.27–17.83%, a fat content of 0.14–0.63%, and crude fiber
of 16.21–36.99%. Based on the results of this study, it appears that the environmental
conditions (pH, temperature, and humidity) of the media are the best conditions for
optimum production. Likewise, the nutrient content contained in the media or feed also
meets the needs both in quantity and quality, so that earthworms can produce the most
biomass. This is in line with the earlier results [14] that showed that the best feed for
earthworms is one containing 9–15% protein with a neutral pH.

Among the four sources of media that resulted in the highest weight of the produced
earthworms, the media containing horse manure showed the highest number and weight
of the produced earthworms. These particular media had a characteristic of the highest
C/N ratio of 24–54–26.63, which is significantly higher than the media containing goat
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and cow manure with C/N ratios of 14.22–16.55 and 15.06–20.21, respectively. E. foetida
has advantages when compared to other species, especially its high ability to reproduce
and convert organic matter as food. Earthworms can break down organic matter up to
twice their body weight per day [40]. With the high ability of earthworms to break down
organic matter and reduce pungent odours, earthworms can also be used as an alternative
to prevent environmental pollution, especially that caused by livestock waste, market, and
household wastes [41].

The overall results show that different sources of organic waste can be used as an
effective medium to cultivate the earthworm E. foetida. The highest biomass production
group consisted of unblended media (CM, HM, and GM) and blended media (CM-RC,
HM-MW, GM-RC, HM-RS, HM-HW). The management of the unblended media can be
done proximate to the farm in order to minimize the transportation costs in a composting
and cultivation zone. The produced earthworm biomass can be used directly or sold
for protein source in animal feed. For the blended media, additional transportation and
man-power is required to blend the media according to the desired composition before
they can be fermented and used for earthworm cultivation. The additional income from
the earthworm biomass sales can enhance the economic sustainability of cow, horse and
goat farming.

Data from Figure 4 also show that apart from yielding lower biomass, several media
(CTRT50, CM-RS, HW, GM-HW, GM-MW and RC) show a higher specific weight (g/unit
earthworm). It means that cultivation in those media lead to production of less but heavier
earthworms. To maximize the biomass production, future research can be focused on
a two stage cultivation consisting of breeding followed by growth. Apart from that,
nutritional analysis of the produced earthworms are required in order to project their
potential application. It would also be interesting to explore whether delicate control of
cultivation conditions (i.e., temperature, moisture content, mixing, etc.) would lead to
an increase in biomass yield and alter the process to be economically attractive. Finally,
technoeconomic analysis on the production of compost from domestic waste and/or an
animal farm is required. It can be treated as a by product of the composting site or of
an animal farm that enhances economic competitiveness, or it can also be treated as a by
product of vermicompost, as reported earlier [42].

4. Conclusions

This study demonstrated that most organic waste can be used as a medium for E.
foetida cultivation. Some organic wastes tested in this study, namely MW, BM, BM-MW,
and BM-HW lead to full mortality of the broodstocs. The other media resulted in variable
cocoon production, earthworm and earthworm biomass. The findings suggest that common
organic waste contains sufficient nutrients for E. foetida earthworm growth. However, none
of the tested media yielded distinctively higher final biomass production. Yet, cultivation in
certain media lead to substantially high numbers of cocoons and earthworms. This finding
opens the possibility to engineer the media (i.e., cultivation in stages in different media)
to maximize the final biomass yield. Moreover, technoeconomical analysis needs to be
conducted to assess the feasibility of biomass production from common organic compost
and the potential of co-production of the biomass from animal farms.
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Abstract: The impact of floods is the most severe among the natural calamities occurring in Malaysia.
The knock of floods is consistent and annually forces thousands of Malaysians to relocate. The lack
of information from the Ministry of Environment and Water, Malaysia is the foremost obstacle in
upgrading the flood mapping. With the expeditious evolution of computer techniques, processing of
satellite and unmanned aerial vehicle (UAV) images for river hydromorphological feature detection
and flood management have gathered pace in the last two decades. Different image processing
algorithms—structure from motion (SfM), multi-view stereo (MVS), gradient vector flow (GVF) snake
algorithm, etc.—and artificial neural networks are implemented for the monitoring and classification
of river features. This paper presents the application of the k-means algorithm along with image
thresholding to quantify variation in river surface flow areas and vegetation growth along Kerian
River, Malaysia. The river characteristic recognition directly or indirectly assists in studying river
behavior and flood monitoring. Dice similarity coefficient and Jaccard index are numerated between
thresholded images that are clustered using the k-means algorithm and manually segmented images.
Based on quantitative evaluation, a dice similarity coefficient and Jaccard index of up to 97.86%
and 94.36% were yielded for flow area and vegetation calculation. Thus, the present technique is
functional in evaluating river characteristics with reduced errors. With minimum errors, the present
technique can be utilized for quantifying agricultural areas and urban areas around the river basin.

Keywords: image processing; unmanned aerial vehicle; feature recognition; image segmentation;
color space; floods; sediment

1. Introduction

Floods have been the most damaging disasters in Malaysia for a long time. The rise in
sea level due to climate change, population growth, and abrupt urbanization have given
rise to frequent flood disasters in many countries around the globe. Those living near
the seashore and rivers are the most affected due to floods, which often force them to
rehabilitate and disturbs their life. One of the factors that leads to degradation of the
environment and represents a principal cause of floods in Malaysia is the fact that human
activities, including the rapid development of densely populated flood plains, destruction
of trees, and encroachment on flood-prone areas for development are viewed only as a
positive development, turning a blind eye to their negative aspects [1]. Floods constitute
49% of the total disasters faced by Malaysia post-independence [2]. The consequences of
floods in Malaysia include loss of human and animal life, destruction of infrastructures,
and crumbling health conditions. In Malaysia, the National Security Council is responsible
for flood management by implementing new techniques for flood control, forecasting,
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warning, and eviction, thus handling pre-disaster, disaster, and post-disaster activities [3].
The Malaysian National Security Council still requires additional overview of floods by
researchers and government agencies to assist in decision making [4]. Researchers are
finally coming up with community-based flood mitigation policies for inhabitants of towns
located in the vicinity of different rivers that are prone to floods [5].

The backwash of floods disturbing the lives of Malaysians has led to more researchers
and government agencies escalating the aim of developing enhanced and upgraded flood
tracking systems. Quickly predicting the temporal level rise of river water and spatial
mapping of flood consequences forms the core of flood monitoring systems. Early detection
of flood after-effects and timely measures being taken by government agencies and disaster
relief teams in advance can save many lives and protect resources from extreme destruction.
All these factors are directly dependent on the availability of suitable data for developing a
well-grounded flood monitoring system.

Various researchers have applied different techniques to analyze remotely sensed
data for flood mapping that are captured by satellite platforms or UAV high-resolution
imagery. Annis et al. [6] compared the digital elevation model (DEM) produced by data
obtained using UAVs and light detection and ranging (LiDAR) satellites. Their results,
which were determined via quantitative analyses, proved that DEMs acquired using UAVs
have very high resolution along with a low surveying cost and require less time compared
to DEMs procured by field visits or LiDAR satellites. Tamminga et al. [7] used small drones
to investigate 3D dynamic changes due to floods on the Elbow River, Canada. Due to
floods, a sediment flux mobility of a complex nature was confirmed in the study. UAVs and
satellite images are also useful for examining riparian vegetation along the river basin [8].
Another advantage of UAVs is that they fill the gap between space-borne and field data by
quickly providing high spatial resolution data [9]. This edge of UAVs over data acquired
through other means helps in measuring river water levels with a better overall accuracy
using a canny method [10] or DEM generation [11]. For better validation and calibration of
flood models, georeferenced information regarding river shorelines, river geometry, and
vegetation along the river basin attained using UAVs provides high temporal resolution,
which is limited in the case of satellite images [12]. Post-flood surveys of high-water marks
and river cross-sections using small, unmanned aircrafts have proven to be more accurate
and effective compared to ground surveys [13]. Ephemeral rivers flowing in ungauged
regions are essential for ecosystem balance and runoff. The techniques for measuring
the peak discharge of these transient rivers are limited. UAV technology merged with
the incipient motion of stones is useful for calculating the peak discharges of such short-
lived rivers [14]. Flash floods occurring in ephemeral streams have a direct relationship
with human activities, and the magnitude of destruction caused by flash floods is better
calibrated by combining field survey data with UAV observations [15]. From the existing
literature, it is evident that UAV imagery has a lead over satellite images and field survey
data due to its ability to provide high temporal resolution information in less time with
a low overall cost. Apart from this, high-resolution satellite images are costly and can
sometimes be limited due to weather conditions, whereas field surveys take a long time.
Therefore, the present work includes river images captured using UAVs for river feature
recognition. Satellite data are also used in the present work for tertiary information, such
as weather forecasting, crucial site locating, and river mapping. An amalgamation of UAV
technology and satellite images is employed to collect reliable results.

Implementation of image processing algorithms for flood mapping has improved the
reliability of results. Although there is no common solution for accurate flood monitoring,
image processing has been proven to be a most reliable and widely used technique for
analyzing digital images of river ecosystems [16]. Supervised image analysis consisting of
classical image processing techniques such as multispectral classification along with pixel
aggregation and shadow treatment is useful for analyzing flooded riverbeds [17]. Digital
image processing is also functional as regards historical archives of river imagery to capture
features of interest [18] as well as for LiDAR images [19]. Image processing of webcam
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images utilizing Raspberry-Pi and optical sensors is handy for flood detection [20]. Image
processing algorithms are convenient for flood mapping as they can analyze terrestrial
features and satellite images [21,22]. Real-time flood monitoring through the investigation
of river hydromorphological features has become convenient due to video processing [23]
and image processing [24] of data captured using UAVs. Cyber surveillance of an object in a
flooded region for automatic monitoring and alert feedback are other applications of image
processing [25]. The applications of image processing are not limited to early flood detection
and flood monitoring, however. The segmentation and classification of UAV imagery
are convenient for detecting the hydromorphological effects of floods in riverbeds and
floodplains [26]. Plotting flood hydrographs has become possible using object-based image
analysis (OBIA) with the help of image processing technology [27]. Jafari et al. [28] used
live cameras and image processing techniques for real-time stream water level monitoring
in this study. Apart from image processing techniques, convolutional neural networks
(CNNs) [29], deep learning (DL) [30], artificial neural networks (ANN) [31], etc., for
flood mapping using UAVs are other useful techniques that can be integrated, but image
processing techniques have an edge over them due to the availability of high-resolution
time saving algorithms [32]. Thus, from the existing literature, a range of applications of
image processing for flood detection, flood monitoring, and analyzing post-flood effects is
observed.

The hydromorphological feature data of the Kerian River are very limited. Therefore,
this research presents the application of image processing for feature extraction in the
Kerian River. The k-means algorithm for clustering along with thresholding for image
segmentation are used in the present study to evaluate temporal variation in flow width
and vegetation along river banks during a period of 3 months.

2. Materials and Methods
2.1. Study Area

We carried out the study in the Kerian River (Figure 1) that flows through the northern
states of Peninsular Malaysia. The Kerian River is a meandering river of approximately
90 km length, originating in the Bintang Range in the northern state of Perak. This river
serves as a border between the state of Kedah and Perak for approximately 73 km until it
enters the Malaysian state of Penang for its remaining 17 km, where it finally discharges
into the Strait of Melaka. The study region lies downstream of the Kerian River at the
location 5◦7′31′′ N, 100◦29′50′′ E in Bandar Baharu, Kedah, where the width of the river
measures 34.51 m. The width of the mouth of the Kerian River is approximately 166.71 m.

2.2. Flight Mission

The UAV used in the study is a DJI Mavic Pro fitted with a 1/2.3′′ complementary
metal-oxide-semiconductor (CMOS) 12MP 4K camera. We tabulate the characteristics of
the camera in Table 1. We carry out the flight operations twice within three months. The
flight mission comprised reconnaissance of the mapped site and pre-flight fieldwork. The
H83 mm ×W83 mm × L198 mm copter has an upright take-off weight of 734 g. Its fully
charged lithium polymer (LiPo) 3830 mAh batteries provide a maximum flight time of
27 min. The DJI Mavic Pro can withstand wind speed up to 7 m/s, which was never
exceeded during the flight mission. The flight altitude while capturing the images was
70 m, which the UAV climbed with an ascent speed of 4 m/s. The resulting ground sample
distance was (GSD) 2.4 cm. To observe variation in flow width and vegetation growth, we
execute a flight mission to capture UAV images on 31 July 2019 at 09:04 am and 6 November
2019 at 09:20 am at the location 5◦7′40′′ N, 100◦29′48′′ E in Bandar Baharu, Kedah. We
name the sites S1 and S2 on 31 July 2019 and 6 November 2019, respectively. The wind
speed recorded was 1.67 m/s with the partly cloudy conditions at S1 and 1.11 m/s with
broken clouds at S2. The temperature recorded on these two days was 29 ◦C and 31 ◦C,
respectively. The level of tides was 1.69 m at S1 and 1.73 m at S2.
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Table 1. Characteristics of the DJI Mavic Pro camera.

Characteristics DJI Mavic Pro Camera

Sensor Type 1/2.3′′ CMOS Sensor
Million Effective Pixels 12.34

Image Size 4000 × 3000
Lens 35 mm

ISO range 100–1600

2.3. Image Processing of UAV Images
2.3.1. Implementation of Bilateral Filter

The first step in image processing was the enhancement of all UAV images, using a
bilateral filter. Bilateral filter, a type of time-domain non-linear filter, reduces the noise with
edge preservation by restoring the intensity of every pixel with weighted intensity values
of surrounding pixels [33]. A bilateral filter uses the Gaussian distribution for calculating
the weighted intensity values with an additional component, which is a function of pixel
intensity difference [34]. This additional component ensures it used only weighted intensity
values in computing blurred intensity values. The bilateral filter is defined as:

I f iltered =
1

WP
∑

xi∈Ω
I(xi) fr(‖I(xi)− I(x)‖)gs(‖xi − x‖) (1)

WP is the normalization term defined by:
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WP = ∑
xi∈Ω

fr(‖I(xi)− I(x)‖)gs(‖xi − x‖) (2)

In Equations (1) and (2), I f iltered is the filtered image, I is the input image, x are the
coordinates of the current pixel, Ω is the window centered in x, xi ε Ω is another pixel, fr
is the range kernel and gs is the spatial kernel. Allocation of the weight WP uses fr and
gs [34].

If a pixel located at (i, j) is to be denoised in image using surrounding pixels and we
consider one of its neighbors at (k, l), then the weight assigned to a pixel at (k, l) to denoise
a pixel at (i, j) is given by:

w(i, j, k, l) = exp(− (i− k)2 + (j− l)2

2σ2
d

− ‖I(i, j)− I(k, l)‖2

2σ2
r

) (3)

In Equation (3), σd and σr are smoothing parameters, whereas I(i, j) and I(k, l) are
pixel intensities at (i, j) and (k, l), respectively [34]. We calculate the denoised intensity of
pixel, ID at (i, j) after evaluating the weights and normalizing them using the equation:

ID(i, j) =
∑k,l I(k, l)w(i, j, k, l)

∑k,l W(i, j, k, l)
(4)

Bilateral blur can fragment the image into different scales [35]. Along with edge preser-
vation, bilateral filter finds application in denoising, tone mapping, tone management, data
fusion, retinex, and texture and illumination separation [36]. The present work required
denoising, which the bilateral blur serves, and hence we select it for this study. We did not
detect the staircase effect and gradient reversal in the filtered image in this work, which are
the limitations of the bilateral blur.

2.3.2. Clustering of Pixels Using k-Means Clustering Method

We then clustered, filtered, and enhanced images using the k-means clustering algo-
rithm. The k-means clustering method is a clustering algorithm. In image analysis, it can
cluster pixels of an image in unsupervised classification. Implementation of the k-means
clustering in Python is uncomplicated, and therefore widely used by novice programmers
and data scientists [37]. We implement the k-means for image pixel clustering in Python
using its multiprocessing feature. The multiprocessing feature enables the parallel imple-
mentation of the k-means algorithm, reducing the execution time. The principal component
of k-means clustering involves two steps, expectation and maximization. We assign each
pixel to its nearest centroid in expectation, while the maximization step involves computing
the mean of all pixels for each cluster and sets the new centroid. The flowchart in Figure 2
depicts the steps involved in implementing the k-means clustering algorithm.

2.3.3. Thresholding of Clustered Images

We use HSV thresholding for the analysis of clustered images post-k-means clustering.
In vision and image processing, separating image intensity from color information is very
important for many applications that are possible only in HSV color space. For this reason,
we convert the clustered images from RGB to HSV color space.

Image segmentation is significant to gain clear perceptibility of the region of interest
(ROI) [38]. We compute limits of the segmented pairs of hue (Hlower, Hupper), saturation
(Slower, Supper), and value (Vlower, Vupper) to convert HSV color space to binary form using
the equation:

C(x, y) =
{

1, Hlower < Hinput(x, y) < Hupper , }{
Slower < Sinput(x, y) < Supper,

}
{

Vlower ≤ Vinput(x, y) ≤ Vupper,
}

{0, Otherwise}.
(5)
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In Equation (5), C(x, y) is the thresholded part. Additionally, Equation (5) shows that
if the HSV values for the pixels of the input image lie between the range of lower and
upper bound values, then its associated output pixel belongs to class object 1, otherwise it
is null (0). The segmented image is further analyzed to compute the area of white pixels.
We calibrate the percentage of white pixels to calculate the ROI in desired units.
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2.4. Evaluation of Image Processing Algorithm Effectiveness

The human evaluator or quantitative evaluation methods can calculate the efficiency
and effectiveness of image processing algorithms [17]. Some of the metrics approached and
extensively used by researchers for evaluating the accuracy of image processing algorithms
include dice similarity coefficient (DSC), Jaccard index, precision, and recall. In the present
work, we use DSC and Jaccard index to assess the effectiveness of image thresholding
with the implementation of the k-means clustering. We used DSC and Jaccard index for
evaluating variation in flow area and vegetation growth. We calculate the efficiency of
clustered segmented images to manually segmented images.

The DSC works on binary numbers, and its value ranges from 0% to 100% for no
overlap to complete overlap between two data sets of image thresholding. The DSC is
defined as:

DSC =
2|A ∩ B|
|A|+ |B| (6)

where |A| and |B| are the number of elements of set A and set B, respectively.
The Jaccard index (J) is the ratio of the intersection of two data sets to the union of

the two sets. It also ranges from 0 to 100%, describing the same overlap conditions as DSC.
The Jaccard index (J) is given by:

J(A, B) =
|A ∩ B|
|A ∪ B| (7)
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3. Results

We show the oblique UAV images captured in the present study and visualize the
study reach for the present study along with the in-channel structure in Figure 3. Apart
from this, we also capture the floodplains, water areas, low vegetation, shrub vegetation,
and tree vegetation. We also captured the urban areas around the floodplain on the terrace.
The present work only focuses on water area and vegetation growth in order to enumerate
their variation. We cropped the study region as per the ROI, maintaining the pixel ratio.
Further, in order to remove the noise, we apply a bilateral filter. On application of the
bilateral filter, we obscured considerable noise and smoothened the site images. The edge
preservation benefit of the bilateral filter paves the way for better clustering. Sunlight and
water reflectance that are denoised to an extent by the application of the filter influences
the various forms of vegetation along the river basin and flow area.

The next step post-implementation of the bilateral filter is the clustering of pixels
using the k-means clustering algorithm. The necessity of clustering is that it segregates the
largely distributed values of color space into desired numbers of color variation equivalent
to the number of clusters (k). Figure 4 shows the color inspection in RGB color space
and HSV color space. The color inspector feature of ImageJ software was used for the
aforementioned purpose. Prior to clustering of pixels, it was difficult to extract the RGB or
HSV limits, which lead to a decrease in the effectiveness of image segmentation. Extracting
the RGB or HSV limits from the color inspector models for the water area and vegetation
cover region is extremely tedious work. The researcher needs to analyze every pixel of the
image for extracting the limits.

Figure 5 shows the images filtered and clustered using a bilateral filter and the k-
means clustering algorithm. As per the flowchart in Figure 2, for all the site images, we
selected the value of k randomly from k = 2 onwards until the clusters appeared unchanged.
We increased the number of clusters by 2 and visualized them by human vision. Further,
we increased the number of clusters in order to classify the image into an optimum number
of color clusters. Finally, we clustered Figure 5a,b with k = 16 as the images converged at
this number of clusters. Further increase in k produced unchanged cluster centroids as
observed by human evaluation. Human visualization incorporated with interpreting elbow
graphs produces better results in terms of accuracy in predicting an optimum number of
clusters [39]. We identified the optimum number of clusters using an elbow graph in the
current work.

Post clustering of images, the color inspection of HSV components becomes a simple
and effective task. We converted the color space of all the images from RGB to HSV. HSV
color space proves useful for robustness, removing shadows, lighting changes, etc., because
of the separation of color components from the intensity. Thus, increasing the effectiveness
of the image segmentation algorithm. Figure 6 shows the color inspection model in HSV
color space for clustered image (k = 16). Compared to Figure 5, the HSV color inspector
post-application of the k-means clustering algorithm (Figure 6) produces a better visual
for extraction of HSV limits, which saves the energy and time of the human evaluator.
We tabulated the thresholding HSV limits of water area and vegetation for sites S1 and
S2 in Table 2 and used these values for image thresholding (Figure 7). Then, we counted
the white pixels depicting ROI in thresholded images using a pixel counting algorithm
in Python. Finally, we performed the RGB to HSV color space conversion and HSV limit
evaluation using ImageJ (Version 1.53c). ImageJ allows the human evaluator to move the
pointer over the image, which reflects the HSV value on the color inspector. An image with
an optimum number of clusters classifies the features of the image into a clear perspective.
In the present work, we clustered the water area and vegetation spread into six color
components each. We got the maximum and minimum values of hue, saturation, and value
component of the flow area and vegetation from Figure 6 (Table 2).
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4. Discussion
4.1. Variation in Water Flow Area and Vegetation Cover

We calibrated the number of white pixels as a percentage of the total number of pixels
and in terms of actual area (Table 3). The flow area varied slightly from 39.441% (4437.1 m2)
to 39.531% (4447.2 m2). This slight variation is because of the tide difference, while all the
other conditions were similar. An increase of 8.45% of the flow area will lead to overflow
conditions. The vegetation growth over the period changed from 19.513% (2195.2 m2) to
25.314% (2847.8 m2). Malaysia having a tropical climate with year-round rainfall is one of
the main reasons for this good amount of vegetation growth [40]. Vegetation significantly
influenced the linkages between terrestrial ecosystems and atmospheric processes. It is
workable to measure the advantages of ecosystem restoration by identifying the mecha-
nisms through which vegetation dynamics and sensitivities to water resource availability
respond at various temporal and geographical scales.

Table 3. Image segmentation results.

Site Feature White Pixels% (ROI) Area (m2)

S1
Flow Area 39.441 4437.1
Vegetation 19.513 2195.2

S2
Flow Area 39.531 4447.2
Vegetation 25.314 2847.8

4.2. Quantitative Evaluation

The effectiveness of thresholding post-implementation of the k-means clustering is
clear from the DSC values ranging from 92.51% to 97.86% and the Jaccard index ranging
from 91.39% to 94.36%. Compared to thresholding of non-clustered images where the DSC
is 77.99%, the Jaccard index is 63.92% for normal flow conditions [17], the present method
scores much better effectiveness for normal flow conditions. The metric values prove better
overlap between the manually segmented images and the algorithm segmented images.
We expect we can score a much better DSC and Jaccard index for overflow conditions since
in overflow conditions the ROI becomes smoother. We encountered the commission and
omission errors in the image classification technique in the present work to a small extent.
During image classification, at some point, no actual change is classified as a change in the
model, which leads to commission errors. While in other instances, we left some actual
changes unsegmented in image thresholding, leading to omission errors [41]. We observed
the combined effect of these errors in the quantitative evaluation results (Table 4). For the
suggested research, the quantitative method can aid in an analysis where qualitative data
is mainly in terms of analytic yield. The technique expands qualitative analyses horizons
by providing researchers with a systematic way of guiding subgroup analysis within a
qualitative data set.

Table 4. Quantitative evaluation results.

Site Feature DSC Jaccard Index

S1
Flow Area 97.86 94.36
Vegetation 94.91 92.20

S2
Flow Area 96.22 93.58
Vegetation 92.51 91.39

4.3. Advantages and Limitations of UAV in River Feature Recognition

The advancement in UAV has paved the way for vertical dimension formation density
and position referencing [42]. UAVs are also reliable for fluvial geomorphic study and
reduce the error in observation arising in field study [43]. UAVs ensure less time consump-
tion in data acquisition. They also have an upper hand in capturing real-time series data

233



Sustainability 2021, 13, 9568

that we use in capturing flood events and landslides. Also, UAV technology compiles
different data models produced in a single flight. Apart from being less expensive, UAV
mapping provides equivalent spatial information and better operational features than
airborne LIDAR [44]. However, the optical data acquisition of UAVs cannot pierce through
vegetation cover and terrain features [45]. Another limitation of UAV technology is that
the region with extensively low vegetation is unclassified in removal from the surface [46],
but point cloud acquisition from the ground under the vegetation is possible using UAV
LIDAR [47]. Another disadvantage of using small UAV platforms is that it limits the
payload, while implementing drone-based imaging to capture temporal images of the same
cross-sections is a tedious job.

4.4. UAV Imagery in Landscape of Kerian River and other Malaysian Rivers

The tropical climate of Malaysia and the year-round rainfall makes it difficult to analyze
the river characteristics using low-cost satellite images because of heavy cloud covers [48].
UAV technology has a lead over satellite imagery because of its low operating cost. The
Kerian River, for most of its upstream length, flows in an isolated region. The Kerian
and other river basins of Malaysian rivers are the habitats of crocodiles, which makes it
threatening for field visits. UAV imagery proves to be safe considering the climate and threats.
The present study focuses only on flow area and vegetation growth using UAVs. We will get
more features of the Kerian River using UAVs as inputs to the Ministry of Environment and
Water, Malaysia in the future for river management. The sediment concentration by collecting
sediments using samplers [49] and its validation using image processing are some gaps in
this research topic. Apparently, for the Kerian River, there is limited river surveillance camera
and flood does not occur frequently in this region. Therefore, direct use of a convolutional
neural network (CNN) may not be a viable option for the river state classification. However,
for future consideration, if enough surveillance cameras are installed at various cross-sections
of the Kerian River, then we can develop a CNN model, as there will be a sufficient dataset
to train the network. We may plan further work to use spectral cameras in UAVs to find the
sediment concentration and composition using reflectance.

5. Conclusions

This work presented the application of the k-means clustering algorithm on UAV cap-
tured images with image thresholding for pressing out the flow area and vegetation growth.
We calculated the binary white pixels to numerate the water area and vegetation cover. The re-
sults of image processing were proficient in withdrawing the river features. The dice similarity
coefficient and Jaccard index for flow area and vegetation segmentation techniques fetched a
value of over 90%, better than the existing techniques. Apart from this, the UAV technology is
a promising tool to identify the river characteristics with high temporal information, low cost,
and less time. A better understanding of river complexity may help the river management
authorities in the proper planning of activities in the river basin. Our results will open a
new corridor for the local officials in improving river hydro morphological conditions for
sustainable river management, deploying various assessment tools.
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Abstract: A rotating biological contactor (RBC) offers a low energy footprint but suffers from perfor-
mance instability, making it less popular for domestic wastewater treatment. This paper presents a
study on an RBC integrated with membrane technology in which membrane filtration was used as a
post-treatment step (RBC–ME) to achieve enhanced biological performance. The RBC and RBC–ME
systems were operated under different hydraulic retention times (HRTs) of 12, 18, 24, and 48 h, and
the effects of HRT on biological performance and effluent filterability were assessed. The results show
that RBC–ME demonstrates superior biological performance than the standalone RBC. The RBC–ME
bioreactor achieved 87.9 ± 3.2% of chemical oxygen demand (COD), 98.9 ± 1.1% ammonium, 45.2 ±
0.7% total nitrogen (TN), and 97.9 ± 0.1% turbidity removals. A comparison of the HRTs showed
that COD and TN removal efficiency was the highest at 48 h, with 92.4 ± 2.4% and 48.6 ± 1.3%
removal efficiencies, respectively. The longer HRTs also lead to better RBC effluent filterability. The
steady-state permeability increased respectively by 2.4%, 9.5%, and 19.1% at HRTs of 18, 24, and
48 h, compared to 12 h. Our analysis of membrane fouling shows that fouling resistance decreased at
higher HRTs. Overall, RBC–ME offered a promising alternative for traditional suspended growth
processes with higher microbial activity and enhanced biological performance, which is in line with
the requirements of sustainable development and environment-friendly treatment.

Keywords: attached growth process; biological treatment; biofilm; membrane fouling; rotating
biological contactors; wastewater treatment

1. Introduction

The treatment of wastewater using biological processes is an economical, energy-
efficient, and environmentally sound approach [1]. Typically, microbial aggregates are
employed to biodegrade the organic compounds and nutrients in the wastewater [2].
Suspended flocs (employed in the conventional activated sludge (CAS) process) and
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attached biofilm (employed in trickling filters and rotating biological contactor (RBC)) are
the two types of aggregates. Both the suspended flocs and the attached biofilm processes
are established in full-scale wastewater treatment processes [3]. RBC—also referred to as
biofilm reactors—offers a substitute to the CAS process [4].

There are two main types of RBC configurations: integral and modular [5]. The
integral system, a compact decentralized unit, consists of a single unit combining the
primary treatment, the RBC bioreactor, and the final clarifier. The integral units are usu-
ally contained within a package plant and have treatment capacities of ≤250 population
equivalents (PE) [6]. On the other hand, the modular systems have separate independent
operations for the primary treatment, the RBC bio-zone, the clarifier, and the solids treat-
ment unit. Modular systems are centralized networks that allow for more flexible process
configurations and have treatment capacities of >1000 PEs [7].

RBCs are equipped with solid media as a platform for the development of microorgan-
isms as a biofilm [8]. Unlike the CAS process, which uses air bubbling to supply oxygen in
the suspended flocs, the RBC employs mechanical rotations of the disks for contacting the
biofilm adhered to them with air to provide the oxygen [9,10]. The commercial significance
of membrane technology in municipal and industrial wastewater treatments is increasingly
pervasive [11,12]. RBC systems have the inherent drawback of a high footprint due to space
requirements for air contact and modular construction. Therefore, the application of such a
system must be adjusted to meet these constraints. It is an attractive choice to facilitate the
reuse of municipal and industrial wastewaters. The integration of membrane processes has
been proven to be superior compared to conventional biological processes [13].

RBCs are seen as a low-cost biological process and an alternative to the more es-
tablished CAS in treating wastewater [14,15]. The biofilm in RBC is, to a certain degree,
resistant to toxic compounds, shock in organic loadings, and moderate changes in hydraulic
loading. Biofilm also maintains a high proportion of microorganisms to ensure a high
pollutant removal capacity [16,17].

Despite offering the aforementioned benefits, RBCs still suffer from operational in-
stability and variable effluent quality, which are attributed to the biofilm dynamics and
the detachment of the biofilm. To overcome these issues, various RBC configurations,
including RBC/biofilm, RBC/suspended growth combination, RBC/wetland combination,
and RBC membrane technology systems have been proposed [18,19]. RBCs can be installed
modularly in parallel, allowing for more stable loadings. If the effluent quality is of primary
interest, it can be operated in a series. Hybrid systems can also be considered where an
RBC is combined with another unit to enhance the combined process stability to cater to
variable loadings, boost the load capacity, or enhance the attainable effluent standard [5].
RBCs can be combined with a polishing step (tertiary treatment) or the capacity can be
upgraded [20]. For instance, the RBC/wetland configuration provides a storm flow buffer
and improves the discharge effluent quality [7]. In previous studies, the application of
membrane technology in combination with RBCs as a post-treatment helped to enhance
effluent quality and removal efficiency [21,22].

Studies with RBC systems have revealed that longer contact times improve the diffu-
sion of the substrate into the biofilm and its consequent removal of the influent. This trend
is also verified with toxic and heavy metals substrates [23]. The hydraulic retention time
(HRT) is directly related to the organic and hydraulic loading of the influent wastewater.
Longer HRTs facilitate the proper degradation of the substrate substances and improve
removal efficiencies. The trend remains the same for toxic and heavy metal substrates. A
short HRT would result in a poor treatment process due to the improper degradation of
the substrate, while longer HRTs would affect the process economics. The selection of the
optimum HRT is very important for obtaining the desired effluent quality at a minimal
cost [24,25]. Najafpour et al. [8] studied the effect of HRTs on the performance of RBCs for
the treatment of palm oil mill effluents and found that both the COD (45 to 88% removal
efficiency) and total nitrogen (TN) removal efficiency increased with an increase in the HRT
(10–55 h). The impact of the HRT is more for the 10–26 h than the 26–55 h interval change.
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Ghalehkhondabi et al. [26] studied that chemical oxygen demand (COD) and ammonium
removal rates increased with HRT, and the maximum removal rate depends on the selected
HRT and the interactions between the disks’ rotational speeds.

Saha et al. [13] showed that the combination of RBC with an external membrane for
the treatment of oily wastewater resulted in higher treatment efficiency than a stand-alone
RBC at all feed ratios and HRTs. A total petroleum hydrocarbon removal efficiency of
99% was obtained at a 24 h HRT in an RBC system combined with an external membrane
bioreactor. Similarly, the micro-pollutant degradation and general treatment efficiency
could be improved by altering the HRTs. According to Win et al. [27] and Zhang et al., [28],
HRT changes affect the bacterial communities and thus, the system performance. Overall,
it has been demonstrated that integrating an RBC with membrane technology increases
the overall system performance. The attached biofilm in the RBC, with a higher biomass
concentration and microbial diversity, favors the integration of membrane separation
because of less contact between the biomass with the membrane, which may otherwise
cause membrane fouling.

Instigated by the success of CAS incorporated into the membrane filtration, an RBC
bioreactor combined with membrane filtration (RBC–ME) is proposed in this study. RBC–
ME combines the conventional RBC with a membrane filtration unit placed externally on
the bioreactor. This study evaluates the integration of an RBC system with membrane
filtration by replacing the settling tank with a membrane filtration unit. In previous
studies, the membrane filtration was placed after the settling tank in a separate vessel,
which required extra space. The main functionality of an RBC–ME is the membrane
placement into the settling tank immediately after the RBC bioreactor. The integration
of the membrane with an RBC is expected to maintain high effluent quality and removal
efficiency. The HRT is an important operation parameter and an optimized valve has
a strong interaction with the effluent quality and plant economy. Limited literature is
available for an RBC integrated with membrane technology; hence, the current study aims
to study the effect of HRT on the COD and ammonium removal along with membrane
permeability.

This study focused on the process intensification of the RBC–ME, particularly on the
biological performance and the membrane fouling control. The operational parameter
of the HRT was selected for this study, as it is one of the most influential parameters in
the bioreactor. Alterations in HRTs could also result in variations of organic loading rates.
Firstly, the biological performances, in terms of organic and nutrient compound removal of
both standalone RBC and RBC–ME, were evaluated as a function of the hydraulic retention
time. The membrane filtration and fouling analysis are presented at various HRTs.

2. Materials and Methods
2.1. Wastewater Preparation and Characterization

Synthetic wastewater was prepared by blending refined food leftovers (1 g/L), as
suggested in previous work [29]. After mixing food leftovers with water, the mixture
was left for 2 h to settle the suspended particles. The stock solution (supernatant) was
then filtered through Whatman filter paper, 11 µm medium flow filter paper (Grade 1
Qualitative Filter Paper Standard Grade, GE Whatman, Kent, UK). The stock solution was
then diluted to obtain the influent wastewater concentration, as summarized in Table 1.
The prepared wastewater was analyzed in terms of COD, TN, ammonium, and nitrate.
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Table 1. Influent characteristics for the RBC and RBC–ME bioreactors.

Influent

COD (mg/L) 298 ± 45.6
TN (mg/L) 2.4 ± 0.2

Ammonium (mg/L) 0.92 ± 0.07
Nitrate (mg/L) 0.52 ± 0.08

Turbidity (NTU) 15.2 ± 0.6
pH 6.35 ± 0.18

RBC: rotating biological contactor, RBC–ME: rotating biological contactor–membrane external, COD: chemical
oxygen demand, TN: total nitrogen.

The COD, the TN, the ammonium, and the nitrate were measured using the specific
Hach digestion solution (HACH, Loveland, CO, USA) for each compound. The solution
was diluted accordingly to fall into the range of the digestion vials. The values were
determined through a Hach DR3900 Spectrophotometer (HACH, Loveland, CO, USA).
A Hach 2100Q portable turbidimeter (HACH, Loveland, CO, USA) and a Hach HQ411D
benchtop PH/MV meter (HACH, Loveland, CO, USA) were used to determine the turbidity
and pH, respectively [30].

2.2. Membrane Preparation and Characterization

A polysulfone (PSF) membrane was prepared through the phase inversion technique
detailed in Table 2. The PSF membrane was fabricated from a dope solution containing PSF
as the polymer, (BASF-Ultrason, Mw 22 kDa), polyethylene glycol (PEG) as the additive
(Sigma-Aldrich, MO, USA, Mw 10 kDa), and N,N-Dimethylacetamide (DMAc) as the
solvent (Sigma-Aldrich, MO, USA) at concentrations of 12, 1, and 87 wt%, respectively.
The dope solution was cast according to the phase inversion method, as described in our
previous study [19]. The cast film was immersed immediately in demineralized water
(acting as a non-solvent) to form a membrane sheet. A solid, thin, and porous membrane
was then stored in water until further usage.

Table 2. Summary of materials for membrane fabrication.

IUPAC Name Abbreviation Avg. Molecular Mass Purity *

Polysulfone PSF 22,000 Da 100 wt%
Polyethylene glycol PEG 9000–12,500 Da 100 wt%

N,N-Dimethylacetamide DMAc - 99.7 vol%
Water H2O - ~100 vol%

* vol% = by volume percentage, wt% = by weight percentage.

The properties of the fabricated PSF membrane are listed in Table 3. The membrane
thickness was measured using an electronic digital micrometer screw gauge (Mitutoyo
293-340-30 Digital Micrometer, Mitutoyo America Corporation, Aurora, CO, USA). The
pore size was measured using a capillary flow porometer (Porolux, Nazareth, Belgium).
The morphology of the membrane was analyzed, and the microstructure was acquired
using scanning electron microscopy (SEM) (Zeiss, Leo 1430 VP, Carl Zeiss, Oberkochen,
Germany). The static membrane surface water contact angle was determined using the
sessile drop method (Mobile Surface Analyzer, KRUSS, Hamburg, Germany). All the
characterization techniques were done in triplicate.
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Table 3. Summary of membrane properties used in RBC–ME configuration.

Properties (Unit) Values

Materials Polysulfone

Thickness (mm) 0.28 ± 0.22
Mean flow pore size (µm) 0.03 µm
Surface contact angle (◦) 61.8 ± 1.0

Cross-section morphology Asymmetric
Clean water permeability (L/(m2 h bar) 817 ± 35

2.2.1. Determination of Filtration Performance

The membrane filtration was done at a fixed transmembrane pressure (∆P) of 0.1 bar
with a system detailed elsewhere [31]. The low pressure for filtration not only reduces the
energy cost but it is also less susceptible to membrane fouling and maintains sustainable
flux, as reported elsewhere [32]. The membrane permeability (L, L/m2 h bar) was calculated
using Equation (1).

L =
∆V

A ∆t ∆P
(1)

where V is the volume of permeance (L), A is the membrane area (m2) and t is the filtration
time (h). During the filtration test, the permeate pump was stopped temporarily and the
filtration was run in a full recycle without altering the hydraulic operation parameter.

2.2.2. Membrane Fouling Analysis

The membrane fouling analysis was evaluated using the Darcy law detailed in Equa-
tions (2) and (3).

J =
∆P
µRT

(2)

RT = RM + RP + RC (3)

where J is the permeate flux, µ is the dynamic viscosity of the permeate, RT is the total
resistance, RM is the intrinsic membrane resistance, RP is the pore blocking resistance, and
RC is the cake layer resistance. The RM was calculated by the filtration of deionized water
and RM+P was calculated from the filtration of deionized water using the used membrane
after removing the cake layer from the membrane surface.

2.3. Bioreactor Set-Up and Operation

The lab-scale RBC–ME bioreactor was fabricated in-house (Figure 1). It comprised
a feed tank, a bioreactor tank, and a settling tank. The bioreactor unit was a cuboid of
25 × 25 × 30 cm, fabricated using acrylic sheets. It had a total working volume of 6.5 L,
with a 40% disk submergence. The unit consisted of 5 rotating disks (D = 18 cm) separated
by a 3 cm gap between adjacent disks and fixed on a stainless-steel shaft. The rotating
disk had a total surface area of 2034 cm2. Polyurethane sheets were cut according to the
size of the disks and then glued on the disks to be used as a platform for biofilm growth.
The activated sludge used to inoculate the lab-scale RBC–ME was obtained from a nearby
full-scale activated sludge domestic wastewater treatment plant.

The membrane sheet was cut and fixed onto both sides of the panel onto a plate and
frame filtration panel. The membrane sheet was attached to a panel consisting of a semi-
circle shape and resulted in an active membrane surface area of 226 cm2. The membrane
sheets were glued to the panel with AB epoxy glue (AB quick epoxy, HYRO, Kuala Lumpur,
Malaysia). The filtration panel was ensured to be free from leakage. A spacer fabric that
was placed between the two membrane sheets acted as permeate channel. The membrane
permeate was evacuated through a permeate pipe that connected the permeate channel to
the permeate pump.
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Figure 1. Schematic diagram of the laboratory-scale RBC and RBC–ME unit.

There were 2 different bioreactor configurations, one with membrane filtration and
the other without membrane filtration. In the first configuration, the stand-alone RBC
bioreactor followed by a settling tank was used to degrade the organics and nutrients. The
treated water was flown by gravity to the settling tank and from the settling tank to a
sink. The HRT was adjusted from the feed pump. In the second configuration, membrane
filtration was incorporated and placed in the setting tank to allow filtration externally.
This configuration is henceforth referred to as RBC–membrane external (RBC–ME). The
membrane in this configuration acts as a post-treatment. The RBC–ME configuration
eliminated the need for a settling tank, and thus, the addition of membrane filtration does
not alter the overall plant size. To adjust the HRT in the RBC–ME, a peristaltic pump was
installed to drive the permeation accordingly to meet the required HRTs.

The RBCs were run for 42 days, divided into 2 periods. During the first 15 day
period, the bioreactor was operated under constant loading conditions of 17 g COD/m2.d
to grow and acclimatize the biofilm atop of the polyurethane foam surface. During this
period, the biofilm was observed carefully, and the biological performance was monitored
regularly. Carbonaceous bacteria responsible for COD biodegradation were expected to
dominate the biofilm, as compared to nitrifying bacteria, which undergo TN removal.
After the acclimatization phase, the biofilm was completely developed and was effective
in degrading organics and nutrients. Any detached flocs from the rotating disks were
regularly discharged.

The 2 system configurations were assessed: (1) the stand-alone RBC bioreactor and
(2) the membrane placed externally on the settling tank. In the second phase of the
RBC operation, the bioreactor was operated by incorporating the membrane to study
the biological and filtration performance. For the RBC–ME configuration, there were
no forms of membrane fouling control techniques (coarse bubble aeration, tweaking of
hydrodynamics conditions) applied to annihilate membrane fouling. The feed for the
RBC–ME had undergone biological treatment in the RBC bioreactor and was expected to
pose low fouling potential. The effects of 2 different bioreactors (RBC and RBC–ME) on the
biological and hydraulic filtration performance were then assessed.

2.3.1. Hydraulic Retention Time

The performance of both the bioreactors (RBC and RBC–ME) was assessed by varying
HRTs from 12 to 48 h at a constant influent wastewater concentration. The performance of
the bioreactors, in terms of biological treatment and membrane permeability, was assessed.
As the HRT is directly associated with the hydraulic loading rate (HLR), this paper only
discusses the effect of HRT. The bioreactor was acclimatized to a 9 h HRT, equivalent to an
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organic loading rate of 17 g COD/m2.d and a 67.9 L/m2.d of HLR. After acclimatization,
the bioreactor was operated at a 12 h HRT, equivalent to a 51 L/m2.d of HLR. The HRT
was increased from 12 to 18, 24, and 48 h to determine the effects of COD, TN, turbidity,
and membrane permeability.

2.3.2. Scanning Electron Microscope

After the acclimatization stage, a 1 cm2 piece of biofilm was analyzed using SEM
analysis. The biofilm sample was carefully cut from the rotating disk. The foam was then
treated with formaldehyde for biofilm impregnation according to the method detailed
earlier [33] to maintain the biofilm structure. The biofilm sample was then dehydrated by
consecutive immersions in 20, 40, 60, 80, and 100% ethanol solution, each step for 5 min,
to avoid shrinkage, followed by a drying process. The dried non-conductive sample was
sprayed with conductive gold nanoparticles using an ion sputter instrument to create
a conductive layer on the sample that reduces thermal damage, inhibits charging, and
improves the secondary electron signal required for topographic examination in the SEM.
The conductive biofilm sample was loaded onto the SEM sample stage under vacuum
conditions and an electron gun shot out a beam of high-energy electrons.

3. Results
3.1. Biofilm Analysis

Figure 2 shows the biofilm developed at the surface of the disk visualized using SEM.
The SEM images were obtained at 40× and 5000× magnification levels. Figure 2a shows a
birds-eye view of the biofilm established on the carrier media at 40× magnification. The
SEM images show the well-established biofilm of microorganisms on the media surface.
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Figure 2. SEM results of biofilm developed at the surface of the rotating disk under (a) 40× and (b)
5000× magnifications.

It can be identified as a mature biofilm that occupied the sponge media surface,
ascribed to its excellent biological performance in removing organics from the wastewater
(detailed in Section 3.3). A mature biofilm with a characteristic mushroom formed of
polysaccharides can be seen in Figure 2b. At this stage, cells start to detach and revert to
planktonic cells that stick to the new surface to develop another biofilm layer.

3.2. Membrane Characterization

The properties of the applied membrane in the external filtration system are summa-
rized in Table 3. The thickness and mean flow pore size were 0.28 ± 0.22 mm and 0.03 µm,
respectively (Figure 3). The sizes of the microorganism species were much larger than
the mean flow pore size of the membrane combined with the asymmetric nature of the
morphology, thus ensuring complete biomass retention at the membrane surface. For an
asymmetric phase-inverted membrane, the membrane pore size is dictated by the size of
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the pore mouth [34], which, in this context, disallows the penetration of any free biomass
into the membrane structure. This advantage ensures no biomass is carried forward to
the effluent, nor any suspended matter typically vulnerable in a standard settling system.
However, colloidal particles and dissolved nutrients can pass through the membrane
pores unless an additional layer of biofilm grows on the membrane surface, which aids
in biodegradation, as often occurs in a membrane bioreactor [33]. It is worth noting that
the biological performance was less affected by the membrane properties. The membrane
samples were asymmetric, as revealed from their cross-section SEM image (Figure 3). The
membrane surface water contact angle determines the hydrophilic/hydrophobic nature
of the membrane. The membrane surface water contact angle of 61.8 ± 1.0◦ revealed a
hydrophilic membrane. The membrane exhibited a clean water permeability of 817 ± 35
L/(m2 h bar).
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Figure 3. The surface (A) and cross-section SEM images (B), as well as its pore size distribution (C)
of the applied membrane in the RBC–ME.

3.3. Biological Performance

Table 4 summarizes the biological performance of RBC and RBC–ME bioreactors
for synthetic wastewater. Superior biological performance of the RBC incorporating the
membrane showed the significance of membrane integration with the RBC. The results
in Table 4 suggest that after the acclimatization period, the bioreactor stabilizes, which is
depicted in the steady removal efficiencies. The bioreactors in both the RBC and RBC–ME
depicted excellent removal efficiencies for COD, the ammonium, and turbidity. They also
showed good performance in maintaining the pH around the neutral value.

Table 4. Effluent characteristics for the RBC and RBC–ME bioreactors employing the PSF membrane.

RBC Effluent RBC % Removal Efficiency RBC–ME Effluent RBC–ME % Removal Efficiency

COD (mg/L) 78.2 ± 7.5 72.4 ± 2.5 35 ± 8.9 87.9 ± 3.2
TN (mg/L) 1.54 ± 0.05 38.3 ± 1.9 1.41 ± 0.05 45.2 ± 0.7

Ammonium (mg/L) 0.03 ± 0.01 95.6 ± 0.8 0.01 ± 0.01 98.9 ± 1.1
Nitrate (mg/L) 1.9 ± 0.3 - 1.8 ± 0.2 -

Turbidity (NTU) 3.3 ± 0.3 78.9 ± 0.3 0.32 ± 0.03 97.9 ± 0.1
pH 6.82 ± 0.03 - 6.95 ± 0.11 -

RBC: rotating biological contactor, RBC–ME: rotating biological contactor–membrane external, COD: chemical oxygen demand, TN: total
nitrogen.

The excellent biological performance in both systems can be explained as follows.
Carbonaceous bacteria are responsible for the biodegradation of organic compounds,
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aerobically using dissolved oxygen as a terminal electron acceptor, while nitrogenous bac-
teria decompose the nitrogen compounds. Nitrification, an aerobic process, is a two-step
process involving the oxidation of ammonium to nitrite through ammonia-oxidizing bacte-
ria (AOB) and then the conversion of nitrite to nitrate through nitrite-oxidizing bacteria
(NOB) [35]. The RBC develops abundant AOB and NOB throughout the biofilm along with
carbonaceous bacteria. Nitrification occurred in the RBC without encountering any biofilm
problems, while exhibiting a low biomass yield and very high sludge ages. The RBC
exhibited excellent ammonium removal efficiency throughout the experimentation period.
Treatment of wastewater containing a high organics concentration is typically dominated
by heterotrophic bacteria that significantly diminishes nitrifier growth. Therefore, nitrogen
removal occurs after organics removal during the last stage of the RBC bioreactor [36].

The microbial-rich RBC bioreactor contains a large population of microorganisms. The
most abundant phyla found in the biofilm are Proteobacteria and Bacteroidetes, accounting
for two-thirds of the microbial community. The oxygen-rich outer layer of the biofilm
contains more Proteobacteria, Bacteroidetes, and Nitrospira than the inner layer [37]. The AOB
and NOB are found both in the inner and outer layers of the biofilm. Nitrosomonas play a
crucial role in oxidizing ammonia to nitrite. However, it has been found that Nitrospira can
perform complete nitrification. Therefore, it can be argued that Nitrosomonas and Nitrobacter
act as the AOB and NOB, respectively, whereas Nitrospira plays a role in both the AOB and
NOB [38]. A high ammonium loading rate and immediate substrate accessibility result in a
higher relative abundance of Nitrosomonas and Nitrospira in the outer layer.

As shown in Table 4, the RBC bioreactor exhibited good COD removal efficiency
throughout the experimentation period and achieved an average removal efficiency of
72.4 ± 2.5% with a 78.2 ± 7.5 mg/L effluent value, whereas the average effluent TN
concentration was 1.54 ± 0.05 mg/L with a 38.3 ± 1.9% average removal efficiency. The
RBC–ME bioreactor showed a further increase in the effluent removal efficiencies thanks to
the incorporation of membrane filtration. A COD removal efficiency of 87.9 ± 3.2% with a
35 ± 8.9 mg/L effluent value and an average TN removal efficiency of 45.2 ± 0.7% with a
1.41 ± 0.05 mg/L average effluent value were obtained for RBC–ME.

Despite a low influent ammonium concentration, the RBC biofilm grew nitrifying
bacteria, which significantly removed 95.8 ± 0.8% ammonium, while the RBC–ME main-
tained a higher ammonium removal efficiency of 98.9 ± 1.1%. The effluent ammonium
concentration was as low as 0.03 ± 0.01 mg/L for both the RBC and RBC–ME, indicating a
proficient nitrification process. An increase in the discharge nitrate value can be ascribed to
the nitrifying bacteria activity [3].

Some reports have described that an RBC can undergo aerobic denitrification. A lower
DO concentration at the bottom of an RBC facilitates denitrification [39]. However, a high
C/N ratio and lower TN values restrict the nitrifying bacteria growth and thus, reduce the
denitrification process. The system obtains a relatively lower TN removal because of lower
influent quantities and strong competition between heterotrophic and autotrophic bacteria.

Higher removal efficiency for turbidity was achieved by the RBC–ME due to the
membrane separation (see pore size in Table 3). The results show that the influent turbidity
was 15.2 ± 0.6 NTU, which was significantly reduced to 3.3 ± 0.3 NTU and 0.32 ± 0.03 NTU
in the RBC and RBC–ME, respectively, attributing to 78.9 ± 0.3% and 97.9 ± 0.1% removal
efficiencies (Table 4). The effluent turbidity values for the RBC–ME are far better than
the stand-alone RBC effluent. Thanks to low influent ammonium values, no substantial
variations in the pH were detected during the experiments, and a neutral pH value was
maintained.

Previous studies on the RBC bioreactor showed high organic and ammonium removal
efficiency for both municipal and industrial wastewater [26,40]. In the self-refluxing RBC
bioreactor for rural sewage treatment, a better treatment performance was obtained for
a system with a 200% reflux ratio. The results show that the removal efficiency is more
stable and better with reflux than without reflux. In the control with 0% reflux, the removal
rates of COD, ammonium, and TN were 88.05 ± 3.17, 91.61 ± 3.26, and 41.58 ± 5.50%,
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respectively. Under 200% reflux, the removal rates of COD, ammonium, and TN improved,
especially that of TN. For the 200% reflux ratio, the removal rates of COD, ammonium,
and TN were up to 93.30 ± 7.35, 97.28 ± 5.94, and 74.21 ± 9.17%, respectively [18]. A non-
woven RBC evaluated for the treatment of municipal wastewater supporting both aerobic
and anaerobic processes resulted in a higher TN removal efficiency. Under the optimal
conditions, the removal rates of COD and TN were 83.12% and 79.13%, respectively [41].
An RBC applied for the treatment of petroleum refinery wastewater resulted in 85.76% and
99.07% COD and ammonium removal, respectively [26]. The results suggested that an RBC
may be considered as a promising method for petroleum refinery wastewater treatment,
especially for simultaneous COD and ammonium removal.

3.4. Effect of Hydraulic Retention Time on COD Removal

Figure 4 shows the effect of HRT (12, 18, 24, and 48 h) on COD removal efficiency for
both (RBC and RBC–ME) bioreactors. The results show that higher HRTs led to better COD
removal efficiency in both bioreactors. A higher retention time means that microorganisms
have a longer time to biodegrade the organics present in the wastewater [42]. As depicted
in Figure 4, the maximum COD removal efficiencies of 80.9 ± 2.3% and 92.4 ± 2.4% were
obtained for the RBC and the RBC–ME, respectively.
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Figure 4. Effect of the HRT on the COD removal efficiency for the (a) RBC and (b) RBC–ME
bioreactors.

In the RBC, COD removal efficiency increased from 72.4 ± 3.1% to 80.9 ± 2.3% as the
HRT increased from 12 to 48 h. Increments of 7.0%, 10.8%, and 11.7% in COD removal
efficiencies were observed for the HRTs of 18, 24, and 48 h, compared to 12 h (Figure 4a). On
the other hand, RBC–ME exhibited an increase in COD removal efficiency from 87.9 ± 3.1%
to 92.4 ± 2.4% as the HRT increased from 12 to 48 h. As shown in Figure 4b, an increase
of 2.5%, 4.6%, and 5.1% in COD removal efficiency was observed for the HRTs of 18, 24,
and 48 h, compared to 12 h. A higher COD removal efficiency confirms the effectiveness of
membrane integration with an RBC. Such an advantage can be attributed to the presence
of the biofilm on the membrane surface that further degrades the organics when the feed
passes through it. The bioreactors perform well under higher HRTs; however, the HRT
becomes limiting as it is directly related to the overall treatment capacity. Hence, careful
selection of the optimum HRT becomes an essential part of the RBC design.

3.5. Effect of Hydraulic Retention Time on TN Removal

Figure 5 depicts the effect of TN removal efficiency at different HRTs (12, 18, 24, and
48 h) for both (RBC and RBC–ME) bioreactors. The results show that higher HRTs led to
an increase in TN removal efficiency in both bioreactors. A higher retention time means
that nitrifying microorganisms have prolonged contact time to biodegrade the nitrogen
compounds present in the wastewater. Maximum TN removal efficiencies of 41.5 ± 0.8%
and 48.6 ± 1.3% were obtained at a 48 h HRT for the RBC and RBC–ME, respectively.
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Figure 5. Effect of the HRT on the TN removal efficiency for the (a) RBC and (b) RBC–ME bioreactors.

In the RBC, TN removal efficiencies of 38.3 ± 1.2%, 39.8 ± 1.1%, 41.2 ± 0.9%, and
41.5 ± 0.8% were observed at the HRTs of 12, 18, 24 and 48 h, respectively. The RBC–ME
exhibited an increase in TN removal efficiency from 45.2 ± 1.4% to 48.6 ± 1.3% as the HRT
increased from 12 to 48 h (Figure 5). As shown in Figure 5b, increments of 4.6%, 6.4%, and
7.5% in TN removal efficiency were observed for the HRTs of 18, 24, and 48 h, compared to
12 h. As the HRT increases, the wastewater is retained longer in the bioreactor, allowing
the microorganisms to biodegrade more nutrients. The results agree with the previous
research that showed a long HRT led to a better degradation performance of municipal
and industrial wastewater, recalcitrant pharmaceuticals, and micro-pollutants [43,44].
Ghalehkhondabi et al. [26] studied the performance of a four-stage RBC bioreactor for a
petroleum refinery wastewater treatment. The increase in the HRT and reduction in HLR
resulted in an increase in the organic and ammonium removal, and the maximum removal
efficiencies of COD and ammonium obtained were 85.76% and 99.07%, respectively. In
principle, a longer HRT is ideal for complete nitrification and high-strength wastewater
treatment. Nevertheless, if the HRT of the reactor operation is shortened for operational
or economic reasons, the influent concentration and microbial community could play a
compensatory role in the biodegradation performance.

3.6. Effect of Hydraulic Retention Time on Turbidity

Figure 6 depicts the effect of turbidity removal efficiency at different HRTs (12, 18, 24,
and 48 h) for both (RBC and RBC–ME) bioreactors. The results show that higher HRTs led
to an increase in turbidity removal efficiency in both bioreactors. The maximum turbidity
removal efficiencies of 84.2 ± 0.8% and 98.6 ± 1.3% were obtained at 48 h HRT for the
RBC and RBC–ME, respectively. As the HRT increases, the wastewater is retained longer
in the bioreactor, allowing the microorganisms to digest the suspended solid or allowing
the solids to settle in the bioreactor. In the RBC, the turbidity removal efficiency increased
from 78.9 ± 0.3% to 84.2 ± 0.8% as the HRT increased from 12 to 48 h. On the other hand,
the RBC–ME exhibited a rise in turbidity removal efficiency from 97.9 ± 0.1% to 98.6 ±
1.3% as the HRT increased from 12 to 48 h. A higher turbidity removal efficiency confirms
the effectiveness of membrane integration with an RBC. The membrane intercepts all the
solids that otherwise contribute to the turbidity.
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3.7. Membrane Permeability versus Hydraulic Retention Time in RBC–ME

Figure 7 shows the membrane permeability for short-term filtration in the RBC–
ME bioreactor configuration. Membrane fouling is inevitable in almost all membrane
processes [40,45]. This implies that a decline in permeability corroborates membrane
fouling as a function of filtration time. As shown in Figure 7, the membrane permeability
decreases sharply at the start of filtration, mainly owing to membrane pore blocking and
irreversible adsorption of foulant. After that, permeability decreases steadily due to the
slower rate of the deposition of foulant at the membrane surface, indicating reversible
fouling. After reaching monolayer foulant adsorption, the affinity of foulant toward the
membrane surface seems to be weaker as well. Toward the end of the filtration cycle,
steady-state permeability is attained, which is ascribed to the development of a cake layer
categorized as reversible fouling on a membrane that requires physical cleaning of the
membrane [46,47]. The general trend is similar to the filtration of all parameters. A small
rate of permeability decrease was still observed at the end of the filtration test, which is
attributed to the buildup of foulant materials on the membrane surface. This occurred
because no means of membrane fouling control was applied for the membrane filtration,
an issue that can be addressed in a follow-up study. The current study was focused on
the relative membrane fouling propensity of the RBC effluent under different operational
HRTs.
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Figure 7 reveals the outcome of different HRTs on membrane permeability for the
RBC–ME configuration. The steady-state permeabilities of 126, 129, 138, and 150 L/(m2 h
bar) were respectively attained at HRTs of 12, 18, 24, and 48 h, corresponding to filtration
fluxes of 12.6, 12.9, 13.8, and 15.0 L/(m2 h). Higher membrane permeability at an HRT of
48 h shows higher efficiency of organic compounds and suspended solids removal. This,
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in turn, reduces the membrane fouling and could potentially lower operating costs. The
steady-state permeability increments of 2.4%, 9.5%, and 19.1% were obtained at 18, 24,
and 48 h, respectively, compared to the 12 h HRT. This finding means that a higher HRT
benefits from microbial degradation activity and nutrient removals coupled with better
effluent filterability. Reduced membrane fouling mainly arose from the increase in the HRT
and the reduction in the concentration polarization nearby the membrane surface due to a
lower hydraulic loading rate in accordance with previous studies [13].

Reversible membrane fouling can be effectively controlled through optimizing param-
eters. In this study, the application of different HRTs has proven to be highly effective for
membrane fouling control. Optimizing the parameters not only dampens the membrane
fouling but also increases the effluent quality. The enhanced HRT significantly alleviated
membrane fouling potential. The RBC–ME experienced severe fouling, as no fouling con-
trol technique was applied. Nevertheless, it is worth mentioning the trade-off of a high
HRT and membrane fouling control that needs to be managed. A high HRT leads to a
higher bioreactor volume and hence, higher investment costs. On the other hand, low
membrane fouling propensity at high HRTs leads to lower costs associated with membrane
fouling control as well as a lower membrane investment cost if the filtration is run at higher
fluxes.

3.8. Membrane Fouling Analysis

Figure 8 shows the fouling resistance distribution in the RBC–ME bioreactor at differ-
ent HRTs. The filtration resistances were measured at the end of each experiment. With
an increase in the HRT from 12 to 18 h, the total fouling resistance (RT) decreased from
3.25 × 1012 to 3.18 × 1012 m−1, which further decreased to 2.97 × 1012 and 2.73 × 1012

m−1 at HRTs of 24 and 48 h, respectively. Since a constant membrane resistance (Rm) value
of 4.55 × 1011 m−1 was obtained for all HRTs, both the pore blocking resistance and cake
layer resistance played a crucial role in the total membrane fouling. The highest cake layer
resistance (Rc) of 1.61 × 1012 m−1 at a 12 h HRT consisted of 49.6% of RT, which decreased
to 1.54 × 1012 m−1 at an HRT of 18 h, accounting for 48.6% of RT. The Rc further decreased
to 1.33 × 1012 m−1 and 1.09 × 1012 m−1 at HRTs of 24 and 48 h, respectively, consisting of
44.8% and 40% of RT.
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A shorter HRT leads to insufficient degradation time for the organics and nutrients
and results in the generation of more sludge, thereby increasing filtration resistance at
shorter HRTs. Shorter HRTs also result in a higher secretion of extracellular polymeric
substances and soluble microbial products, hence promoting membrane fouling [48,49].
The results of the membrane fouling analysis emphasized the importance of the HRT
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and recommended that the decline in membrane permeability at higher HRTs causes less
membrane fouling and hence, increases the membrane permeability.

4. Conclusions

This study reports a high-performance membrane integrated with an RBC bioreactor
as an efficient wastewater treatment process. The aim of the present research was to
substitute the suspended growth system with an attached growth system. Therefore, the
RBC, as an attached growth system, was coupled with an external UF membrane to treat
synthetic domestic wastewater. The attached growth bioreactor creates the biofilm on
the support media that provides better treatment efficiency than the suspended growth
bioreactor due to the accumulation of a high microbial population over a large surface area.
Therefore, better performance can be achieved by combining such a biofilm reactor as an
RBC with a membrane, compared to suspended growth bioreactors. An increase in the
HRT not only results in enhanced biological performance but also improves membrane
permeability. The results show that the RBC exhibited 72.4 ± 2.5% COD, 38.3 ± 1.9%
TN, 95.6 ± 0.8% ammonium, and 78.9 ± 0.3% turbidity removal efficiencies, while the
RBC–ME showed better performance, with 87.9 ± 3.2% COD, 45.2 ± 0.7% TN, 98.9 ± 1.1%
ammonium, and 97.9 ± 0.1% turbidity removal efficiencies. The highest COD and TN
removal efficiencies were 92.4 ± 2.4% and 48.6 ± 1.3%, respectively, for the RBC–ME at
an HRT of 48 h. The HRT enhancements resulted in 19.1% higher permeability at 48 h
compared to 12 h. The biological and filtration performance of the RBC–ME reveals the
economic impact and opens a great opportunity for significant improvements to the current
membrane technology. A membrane-integrated RBC poses an attractive alternative to treat
wastewater in the decentralized and open-air canal systems where the problem of a large
footprint is less important.
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Abstract: The feasibility of using potassium-type zeolite (K-type zeolite) prepared from coal fly ash
(CFA) for the removal of Hg2+ from aqueous media and the adsorption/desorption capabilities
of various potassium-type zeolites were assessed in this study. Potassium-type zeolite samples
were synthesized by hydrothermal treatment of CFA at different intervals (designated CFA, FA1,
FA3, FA6, FA12, FA24, and FA48, based on the hours of treatment) using potassium hydroxide
solution, and their physicochemical characteristics were evaluated. Additionally, the quantity of Hg2+

adsorbed was in the order CFA, FA1 < FA3 < FA6 < FA12 < FA24 < FA48, in the current experimental
design. Therefore, the hydrothermal treatment time is important to enhance the adsorption capability
of K-type zeolite. Moreover, the effects of pH, temperature, contact time, and coexistence on the
adsorption of Hg2+ were elucidated. In addition, Hg2+ adsorption mechanism using FA48 was
demonstrated. Our results indicated that Hg2+ was exchanged with K+ in the interlayer of FA48
(correlation coefficient = 0.946). Finally, adsorbed Hg2+ onto FA48 could be desorbed using a sodium
hydroxide solution (desorption percentage was approximately 70%). Our results revealed that FA48
could be a potential adsorbent for the removal of Hg2+ from aqueous media.

Keywords: hydrothermal activation treatment; recycling technology; heavy metal; ion exchange

1. Introduction

The 2030 agenda for sustainable development, such as clean water and sanitation
(Goal 6) and life below water (Goal 14), were adopted by all member states of the United
Nations in 2015 [1], to establish a sustainable society, which is a matter of global con-
cern. In particular, heavy metal pollution has become a severe global environmental issue,
including in the developing countries. Among them, mercury (Hg2+), lead (Pb2+), and
cadmium (Cd2+) are referred to as the “big three” heavy metals with the greatest potential
risk to human health and water environment [2–4]. They are highly toxic to organisms [5].
Mercury (Hg) and its compounds can cause serious threats to organisms, including hu-
mans, because of their bioaccumulative properties, damaging the bones, liver, kidney,
and nervous system [6–8]. The Minamata Convention on Mercury was adopted by the
Intergovernmental Negotiating Committee in 2017. The International Agency for Research
on Cancer categorizes methylmercury compounds as group 2B (possibly carcinogenic to
humans), and metallic Hg and inorganic Hg compounds as group 3 (unclassifiable as
to carcinogenicity in humans) [9]. In addition, the maximum permissible limit of Hg in
drinking water as recommended by the U.S. Environmental Protection Agency and many
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countries are 2 µg/L and 1 µg/L, respectively [7,10,11]. Therefore, removal of Hg2+ from
aqueous media is crucial for human health and conservation of the water environment.

Coal is one of the most abundant energy sources worldwide [12]. A previous study
reported that the global trend of increasing energy production continued in 2018 [13]. In
addition, it is desirable to increase coal-fired power generation by up to 46% of the total
electricity production by 2030 [14]. Additionally, the demand for coal-fired power plants
has increased after the Fukushima Daiichi Nuclear Power Station disaster (2017) in Japan.
Accordingly, approximately 800–900 million ton per year of coal fly ash (CFA), a by-product
from the combustion of coal, is generated worldwide. Although the CFA has been recycled
as supplements for cement, concrete, soil conditioners, and fertilizer materials [15–17], a
major portion has been disposed of in landfills. Thus, from the perspective of a sustainable
society, it is necessary to develop a recycling technology for CFA.

In this study, we focused on the preparation and production of zeolites from CFA.
The CFA, characterized by aluminosilicate and silicon phases, is a superior material for
zeolite synthesis [18]. Zeolite is a microporous crystalline hydrated aluminosilicate charac-
terized by a three-dimensional network of tetrahedral (aluminum and silicon) O4 units that
form a system of interconnected pores [18]. The applications of CFA derived zeolite are
well-known. They have been used for heavy metal removal from aqueous media [19,20],
as well as for the remediation of acid mine drainage [21,22]. Thus, this conversion of
CFA to zeolite is useful for the development of a sustainable society as it decreases the
waste generated from coal-fired power plants. Many conversion technologies, namely
fusion-assisted hydrothermal treatment [14], multi-step treatment [14], sonication [14],
conventional hydrothermal treatment [23,24], and microwave irritation [25,26] have been
reported in previous studies. Zeolite synthesis involves three steps: dissolution, condensa-
tion, crystallization [27]. Among the technologies, conventional hydrothermal treatment is
comparatively simple and inexpensive [23].

Previously, we reported that potassium-type zeolite (K-type zeolite) prepared from
CFA had characteristic physicochemical properties and showed potential in heavy metal
adsorption from aqueous media [28]. In addition, previous studies have assessed the
adsorption capacity and mechanism of Hg2+ removal using CFA [29]. However, there
are no reports on the adsorption of Hg2+ using potassium-type zeolites prepared from
CFA using conventional hydrothermal treatment. Thus, if potassium-type zeolite could be
explored for the removal of Hg2+ from aqueous media, this alternative would contribute
considerably to the waste reduction from coal-fired power plants or water conservation.

This study aimed to investigate the possibility of Hg2+ removal from aqueous media
using K-type zeolite prepared from CFA. The effects of pH, temperature, contact time,
coexistence, and selectivity on the adsorption of Hg2+ were assessed.

2. Materials and Methods
2.1. Materials

The standard solution of Hg2+ (HgCl2 in 0.1 mol/L HNO3) was purchased from
FUJIFILM Wako Pure Chemical Co., Osaka, Japan. Coal fly ash (CFA) was obtained
from the Tachibana-wan Power Station (Shikoku Electric Power, Inc., Tokushima, Japan).
Additionally, the standard solutions of Na+ (NaCl in water), Mg2+ (Mg(NO3)2 in 0.1 mol/L
HNO3), K+ (KCl in water), Ca2+ (CaCO3 in 0.1 mol/L HNO3), Ni2+ (Ni(NO3)2 in 0.1 mol/L
HNO3), Cu2+ (Cu(NO3)2 in 0.1 mol/L HNO3), Zn2+ (Zn(NO3)2 in 0.1 mol/L HNO3),
Sr2+ (SrCO3 in 0.1 mol/L HNO3), and Cd2+ (Cd(NO3)2 in 0.1 mol/L HNO3) were also
obtained from FUJIFILM Wako Pure Chemical Co., Osaka, Japan. Potassium-type zeolite (K-
type zeolite) was prepared by hydrothermal activation treatment using CFA in potassium
hydroxide solution [28]. Three grams of CFA was mixed with 3 mol/L potassium hydroxide
solution (240 mL). The mixture solution was heated at 93 ◦C for 1(FA1), 3(FA3), 6(FA6),
12(FA12), 24(FA24), and 48(FA48) h, followed by filtering through a 0.45 µm membrane
filter (Advantec MFS, Inc., Tokyo, Japan) [30]. The residue was washed with distilled water
and dried at 50 ◦C for 24 h. Potassium hydroxide, nitric acid, and sodium hydroxide were

254



Sustainability 2021, 13, 4269

purchased from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). All reagents were of
special grade.

We had previously reported the physicochemical characteristics of K-type zeolites [28].
X-ray diffraction (XRD) and morphology analyses were performed using MiniFlex II
(Rigaku, Osaka, Japan) and SU1510 (Hitachi High-Technologies Co., Tokyo, Japan), re-
spectively. The cation exchange capacity (CEC) and pHpzc were measured using the
Japanese Industrial Standard Method (JIS K 1478) and the method previously reported by
Faria et al. [31]. Additionally, the specific surface area and pore volume were measured
using NOVA4200e (Quantachrome Instruments Japan G.K., Tokyo, Japan). The binding
energy was measured using a JXA-8530F (JEOL Ltd., Tokyo, Japan). Finally, the solution
pH was measured using an F-73S digital pH meter (HORIBA, Ltd., Kyoto, Japan).

2.2. Amount of Hg2+ Adsorbed Using FA Series

Approximately 0.01 g of each pretreated adsorbent, namely CFA, FA1, FA3, FA6, FA12,
FA24, and FA48, was mixed with 50 mL of 50 mg/L Hg2+ solution. Subsequently, the
reaction mixture was shaken at 100 rpm and 25 ◦C for 24 h. The resulting sample was
filtered through a 0.45 µm membrane filter. The concentration of Hg2+ was measured using
an inductively coupled plasma optical emission spectrometer (iCAP-7600 Duo, Thermo
Fisher Scientific Inc., Osaka, Japan). The quantity of Hg2+ adsorbed was calculated using
the levels before and after adsorption in Equation (1).

q =
(C0 − Ce)V

W
(1)

where q is the quantity adsorbed (mg/g); C0 is the initial concentration (mg/L); Ce is the
equilibrium concentration (mg/L); V is the solvent volume (L); and W is the weight of the
adsorbent (g).

2.3. Effect of pH, Temperature, and Contact Time on the Adsorption of Hg2+

First, in order to evaluate the effect of pH, FA48 (0.01 g) was added to 50 mL of the
Hg2+ solution at 10, 30, 50 mg/L. The pH of the solution was adjusted to 2, 5, 7, 9, 11 using
either nitric acid or sodium hydroxide solutions. The suspension was shaken at 100 rpm at
25 ◦C for 24 h, and filtered using a 0.45 µm membrane filter. Second, in order to evaluate
the temperature effect, FA48 (0.01 g) was added to a 50 mL Hg2+ solution at 10, 20, 30, 40,
50 mg/L, and the suspension was shaken at 100 rpm at 7, 25, 45 ◦C for 24 h. The 7 ◦C
of solution was prepared as follows. The sample solution was set at 5 ◦C in a water bath
shaker personal-11 (TAITEC Co., Nagoya, Japan) in the low-temperature room at 6 ◦C.
Finally, to evaluate the effect of contact time, FA48 (0.01 g) was added to 50 mg/L Hg2+

solution (50 mL). The suspension was shaken at 100 rpm and 25 ◦C for 0.5, 1, 3, 6, 12, 18, 21,
24, 30, 42, 48 h. The amount of Hg2+ adsorbed was calculated as described in Section 2.2.
In addition, to evaluate the Hg2+ adsorption mechanism, the concentration of potassium
ions released from FA48 in the adsorption isotherm experiment was measured using an
iCAP-7600 Duo (Thermo Fisher Scientific Inc., Osaka, Japan).

2.4. Effect of Coexistences on the Adsorption of Hg2+

In order to evaluate the selectivity of Hg2+ adsorption, FA48 (0.01 g) was added to the
binary solution of 50 mL. The two components were Hg2+ and Na+, Mg2+, K+, Ca2+, Ni2+,
Cu2+, Zn2+, Sr2+, or Cd2+, and Hg2+ or individual cation concentration was 10 mg/L in a
binary solution. The sample solution was shaken at 100 rpm at 25 ◦C for 24 h and filtered
through a 0.45 µm membrane filter. The concentration of each metal was measured using
an iCAP-7600 Duo. The amount adsorbed was calculated by comparing the levels before
and after adsorption.
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2.5. Adsorption/Desorption of Hg2+ Using Sodium Hydroxide Solution

To evaluate the recycling of FA48 in Hg2+ adsorption/desorption, FA48 (0.15 g) was
added to a 150 mL Hg2+ solution at 250 mg/L. The suspension was shaken at 100 rpm,
25 ◦C for 24 h, and filtered through a 0.45 µm membrane filter. The concentration of Hg2+

was measured using an iCAP-7600 Duo. The amount of Hg2+ adsorbed was calculated
as described in Section 2.2. After adsorption, FA48 was collected, dried, and used for the
desorption experiment. The collected FA48 (0.05 g) was added to 50 mL sodium hydroxide
solution at 10, 100, 1000 mmol/L. The suspension was shaken at 100 rpm, 25 ◦C for 24 h, and
filtered through a 0.45 µm membrane filter. The concentration of Hg2+ released from FA48
was also measured using an iCAP-7600 Duo. The amount of Hg2+ desorbed was calculated
using the levels before and after desorption. All results in this study are expressed as
mean ± standard error (n = 2–3, Sections 2.2–2.5). In addition, each Figure was prepared
using Microsoft Excel.

3. Results and Discussion
3.1. Properties of Potassium-Type Zeolite

Zeolites are characterized by physicochemical properties, such as specific surface area,
pore volume, and CEC (Table 1). These characteristics are related to the parameters of
hydrothermal treatment, such as heat temperature, pressure, solution alkalinity, activation
solution to CFA ratio, and formation process [18]. In this study, six types of potassium-type
zeolites were prepared using the above-mentioned method [28]. In addition, our previous
study reported the physicochemical properties of potassium-type zeolites in detail [28].
The XRD patterns indicate that CFA was mainly composed of mullite and quartz. The XRD
patterns of FA1, FA3, FA6 and FA12 were similar to those of CFA under our experimental
conditions. Zeolite F appeared in FA24 and FA48 structures. We observed changes in the
surface of FA series with the treatment time. Aluminosilicate gels were clearly produced on
FA24 and FA48 surfaces. These processes were in the following order: Al and Si dissolution,
geopolymer formation, crystalline structure nucleation, finally zeolite crystal growth [18].
The CEC of FA48 (8.98–11.77 mmol/g) was the highest compared to other FA series. This
value of FA48 was 26–69 times higher than that of CFA. The pHpzc of FA was 9.8, and that
of FA24 and FA48 were 10.4. Finally, specific surface area and pore volume (d 5 20 Å) of
FA48 (47.3 m2/g and 10 Å) was 34 and 100 times higher than CFA. Additionally, the value
of FA48 (potassium-type zeolite) was greater than that of sodium-type zeolite [32]. Thus,
these results indicate that potassium-type zeolite (FA48) can be prepared from coal fly ash
by conventional hydrothermal treatment using potassium hydroxide.

Table 1. Characteristics of the zeolite samples.

Adsorbents CFA FA1 FA3 FA6 FA12 FA24 FA48

CEC
(mmol g−1)

pH 5 0.34 1.98 1.17 1.63 2.27 7.90 8.98
pH 10 0.19 0.65 1.55 2.09 3.46 11.17 11.17

pHpzc 9.8 9.3 9.3 9.5 9.7 10.4 10.4
Specific surface area (m2/g) 1.4 15.1 31.5 53.3 54.5 50.3 47.3

Pore volume
(µL/g)

d 5 20 (Å) 0.1 0.9 0 0.5 0.2 10.0 10.0
20 < d 5 500 (Å) 2.0 41.9 97.4 161.5 185.0 105.0 99.0

Total 2.2 63.0 139.0 221.0 220.0 151.0 131.0
Mean pore diameter (Å) 57.0 167.2 176.7 165.9 161.6 120.1 110.7

3.2. Adsorption of Hg2+

Figure 1 shows the quantity of Hg2+ adsorbed by the FA series. The adsorbed Hg2+

was in the order CFA, FA1 (0–0.48 mg/g) < FA3 (2.2 mg/g) < FA6 (3.5 mg/g) < FA12
(4.0 mg/g) < FA24 (7.5 mg/g) < FA48 (11.6 mg/g) in the current experiment conditions.
The adsorption capability of Hg2+ using the FA series depended on the duration of the hy-
drothermal activation treatment using potassium hydroxide solution. Next, we evaluated
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the relationship between the adsorption capacity of Hg2+ and the physicochemical proper-
ties of the FA series. As a result, the positive correlation coefficient between the quantity
of Hg2+ adsorbed and CEC, specific surface area, and pore volume (d 5 20 Å) were 0.928,
0.659, and 0.882, respectively. These results indicate that CEC and pore volume strongly
affect the adsorption of Hg2+ from aqueous solutions. Additionally, in this study, FA48 was
selected to evaluate the adsorption capability for Hg2+ removal from aqueous solutions.

Figure 1. Quantity of Hg2+ adsorbed onto FA series. Initial concentration: 50 mg/L, sample volume:
50 mL, adsorbent: 0.01 g, temperature: 25 ◦C, contact time: 24 h, agitation speed: 100 rpm, pH: 3.0.

A comparison of the Hg2+ adsorption capability of FA48 with that of the other adsor-
bents is listed in Table 2 [24,26,32–35]. FA48 exhibited potential in Hg2+ adsorption from
aqueous solutions compared to other reported adsorbents (except for coal gangue and
multifunctional mesoporous material).

Table 2. Comparison of Hg2+ adsorption capacity of FA48 with other reported adsorbents.

Adsorbents
Adsorption
Capability

(mg/g)
pH Temp. (◦C)

Initial Con-
centration

(mg/L)

Contact
Time (h)

Adsorbent
(g/L) Ref.

Coal gangue 20.0 5.5 25 3.5 0.17 2.5 33
Microwave-assisted

alkali-modified fly ash 2.7 - 25 ~50 1.5 10 24

Raw coal ash zeolite sample 0.44 2.5 r.t. 10 24 1 26
Multifunctional mesoporous

material 21.05 Not
provided 25 Not

provided 2 Not
provided 34

Thiol-functionalized
mesoporous silica-coated
magnetite nanoparticle

9.5 6.0 22.5 8 15 8.0 × 10−5 35

Sodium-type zeolite
prepared from fly ash 7.5 3.0 25 10 24 0.2 32

FA48 11.6 3.0 25 50 24 0.2 This study

3.3. Adsorption Isotherms of Hg2+

Figure 2 shows the adsorption isotherms of Hg2+ using FA48 at different tempera-
tures. The quantity of Hg2+ adsorbed using FA48 did not significantly vary with different
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temperatures. Therefore, in this study, the adsorption temperature did not strongly affect
the adsorption capability of FA48.

Figure 2. Adsorption isotherms of Hg2+ at different temperatures. Initial concentration: 10, 20, 30, 40,
and 50 mg/L, sample volume: 50 mL, adsorbent: 0.01 g, temperature: 7, 25, and 45 ◦C, contact time:
24 h, agitation speed: 100 rpm.

Additionally, to investigate the adsorption properties and interactions, the adsorption
isotherm data were evaluated using the Freundlich and Langmuir isotherm models. The
Freundlich isotherm model was applied to multilayer adsorption, while the Langmuir
isotherm model showed monolayer adsorption at specific homogenous sites [24].

The Freundlich isotherm model can be represented as follows [36]:

log q =
1
n

log C + log KF (2)

where q is the quantity of Hg2+ adsorbed (mg/g), KF and 1/n are the Freundlich isotherm
constants, C is the equilibrium concentration (mg/L). In general, the adsorption reaction in
the aqueous phase fits this model. In the Freundlich isotherm model, the isotherm curve
depends on the value of n. In particular, when the value of 1/n is 0.1–0.5, adsorption occurs
easily, when 1/n is over 2, it is difficult to adsorb [37].

The Langmuir isotherm model can be represented as follows [38]:

1
q
=

1
qmax

+

(
1

KLqmax

)(
1
C

)
(3)

where KL is the Langmuir isotherm constant (L/mg) and qmax is the maximum quantity
adsorbed (mg/g). The Langmuir isotherm model is a theoretical model that can explain
monolayer adsorption onto homogenous surfaces. In addition, this model considers
adsorption sites.

Table 3 shows the Freundlich and Langmuir model constants for the adsorption
of Hg2+ using FA48. The obtained data fitted both models (correlation coefficient of
the Freundlich and Langmuir equations were ≥ 0.960 and ≥ 0.904, respectively). The
maximum quantity adsorbed at 7 to 45 ◦C was not significantly different in this study,
which is supported by the adsorption isotherm data in Figure 2. In addition, the value of
1/n was from 0.27 to 0.33 in this study. Therefore, the adsorption of Hg2+ using FA48 from
aqueous solutions is more favorable.
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Table 3. Freundlich model and Langmuir model constants for the adsorption of Hg2+.

Sample Temp. (◦C)

Langmuir Constants Freundlich Constants

qmax
(mg/g)

KL
(L/mg) r logKF 1/n r

FA48
7 13.25 0.14 0.942 0.55 0.33 0.977
25 12.27 0.19 0.904 0.63 0.27 0.960
45 13.35 0.14 0.962 0.56 0.32 0.989

Finally, adsorption properties were evaluated using Sips equation (Equation (4)).
The Sips model was derived from the Langmuir and Freundlich equations. This model
predicts the heterogeneous adsorption system and overcoming the drawback associated
with Freundlich model [39]. The Sips equation was expressed as follows:

1
qe

=
1

QmaxKS

(
1

Ce

)
1/n +

1
Qmax

(4)

where KS is the Sips equilibrium constant (L/mg), Qmax is the maximum quantity adsorbed
(mg/g). n is the Sips model exponent, which can be employed to describe the system’s
heterogeneity. If the value of n is equal to 1, this equation will become a Langmuir equation.
It means a homogeneous adsorption process [40,41].

Table 4 shows the Sips model constants for the adsorption of Hg2+. The value of
correlation coefficient of Sips equation was from 0.841 to 0.959 under our experimental
conditions. The values of Qmax at 7–45 ◦C was not significantly changed, which is similar
trends to the adsorption isotherm data (Figure 2). In addition, the heterogeneous factor val-
ues (n = 0.4–1.1) indicate that heterogeneous adsorption process is related to the adsorption
mechanism of Hg2+ using FA48.

Table 4. Sips model constants for the adsorption of Hg2+.

Sample Temp. (◦C) KS
(L/mg)

Qmax
(mg/g) n r

FA48
7 0.84 11.6 1.1 0.959

25 19.4 11.6 0.6 0.858
45 4.1 × 102 11.6 0.4 0.841

Moreover, to evaluate the adsorption mechanism of Hg2+ using FA48, more detailed
investigations were conducted in this study (Figure 3). First, the relationship between the
quantity of Hg2+ adsorbed and the quantity of K+ released from FA48 was evaluated in
this study. As a result, the correlation coefficient value (r) was positive at 0.946, indicating
that ion exchange with K+ in the interlayer of FA48 was one of the mechanisms of Hg2+

adsorption from aqueous media. As mentioned in Section 3.2, the positive correlation
coefficient between the quantity of Hg2+ adsorbed and the value of CEC was 0.928. These
trends were similar to those reported in previous studies [28,32]. Additionally, the X-ray
photoelectron spectroscopy analysis was conducted in this study. The peak intensity of
Hg(5p) at 67 eV was newly detected after the adsorption of Hg2+, indicating that Hg2+

was present on the FA48 surface after adsorption, and was not detected before adsorption.
Generally, Hg(4f) peaks at 101 and 105 eV were detected after adsorption. However, Si(2p)
and Hg(4f) peaks overlapped in this study. Therefore, it was difficult to elucidate and/or
detect these peaks in our experiments.
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Figure 3. Relationship between the quantity of Hg2+ adsorbed and K+ released (A) and the X-ray
photoelectron spectroscopy analysis before and after adsorption of Hg2+ (B). Initial concentration:
50 mg/L, sample volume: 50 mL, adsorbent: 0.01 g, temperature: 25 ◦C, contact time: 24 h, agitation
speed: 100 rpm.

3.4. Effect of Solution pH on the Adsorption of Hg2+

In aqueous media, pH is one of the most important parameters for heavy metal
removal. Thus, the solution pH strongly and directly affects the degree of metal ionization
and/or metal binding on the adsorbent surface sites [42]. In this study, the quantity of Hg2+

adsorbed onto FA24 increased with an increase in the solution pH from 2 to 5, and decreased
with further increase in pH of 5 to 7 (Figure 4). First, when the solution pH is below 3,
Hg2+ is the dominant species; when the solution pH is over 5, Hg(OH)2 is the dominant
species [43,44]. In addition, Hg(OH)+ exists (1–13% of the total mercury Hg2+) when the
solution pH is between 2 and 6. Previous studies have reported that there are several stable
Hg2+ products related to either the equilibrium hydrolysis (such as Hg(OH)3

−, Hg(OH)2,
Hg(OH)+) or to the complexation equilibrium with chloride (such as HgCl42−, HgCl3−,
HgCl2, HgCl+). Moreover, mixed species such as Hg(OH)Cl exist in aqueous media [44].
In an acidic solution (pH 2), the FA48 surface is protonated and the electrostatic repulsion
between the FA48 surface (positive charge) and Hg2+ species (positive charge) such as
Hg(OH)+ and HgCl+ easily occurred, resulting in low Hg adsorption. Additionally, the
pHpzc value of FA48 was 10.4 in this study, which supports the availability of positive
charge on the FA48 surface and the low adsorption of Hg2+ from aqueous media. Next,
similar to pH 2, at pH 5, the quantities of Hg2+ species such as Hg(OH)+ and HgCl+

decreased. Conversely, HgCl3- species increased in aqueous media. Therefore, the quantity
of Hg2+ adsorbed increased because of the electrostatic interaction between the FA48
surface (positive charge) and Hg2+ species such as HgCl3− (negative charge). Finally, when
the solution pH was over 7, the quantity of Hg(OH)2 increased, and the hydroxyl ion
(OH−) also increased in the sample solution media [6,43]. Therefore, FA48 showed a low
adsorption capability for Hg2+ under alkaline conditions.
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Figure 4. Effect of pH on the adsorption of Hg2+ onto FA48. Initial concentration: 10, 30, and
50 mg/L, sample volume: 50 mL, adsorbent: 0.01 g, temperature: 25 ◦C, contact time: 24 h, 100 rpm.

3.5. Effect of Contact Time on the Adsorption of Hg2+

To investigate the effect of contact time on the removal of Hg2+ from aqueous media
using FA48, the duration was varied from 0.5 to 48 h (Figure 5). Rapid adsorption was
observed within 0.5 h from the start of the adsorption process, following which the rate of
adsorption of Hg2+ fluctuated with increase in adsorption time. Finally, adsorption equilib-
rium was achieved at approximately 3 h under our experimental conditions. In this study,
the adsorption might be mainly attributed to two factors: the interaction between Hg2+

and active adsorption sites, such as specific surface area and pore volume (mentioned in
Section 3.2), and ion exchange with K+ in the interlayer of FA48 (mentioned in Section 3.3).

Figure 5. Effect of contact time on the adsorption of Hg2+ onto FA48. Initial concentration: 50 mg/L,
sample volume: 50 mL, adsorbent: 0.01 g, temperature: 25 ◦C, contact time: 0.5, 1, 3, 6, 12, 21, 24, 30,
42, and 48 h, agitation speed: 100 rpm.
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In addition, to evaluate the kinetic adsorption mechanism of Hg2+ using FA48, pseudo-
first-order and pseudo-second-order models were selected to interpret the kinetics data
using Equations (5) and (6) [36,38].

ln(qe,exp − qt) = lnqe,cal − k1t (5)

t
qt

=
t

qe,cal
2 +

1
k2 × qe,cal

2 (6)

where qe,exp and qt are the quantities of Hg2+ adsorbed at equilibrium and at time t (mg/g),
respectively, qe,cal is the quantity of Hg2+ adsorbed in the calculation (mg/g), k1 (1/h) and
k2 (g/mg/h) are the rate constants of the pseudo-first-order and pseudo-second-order
models, respectively. The calculated results are shown in Table 5.

Table 5. Kinetic parameters for the adsorption of Hg2+ using FA48.

Adsorbents qe,exp

Pseudo-First-Order Model Pseudo-Second-Order Model

k1
(1/h)

qe,cal
(mg/g) r k2

(g/mg/h)
qe,cal

(mg/g) r

FA48 12.42 0.02 2.34 0.515 0.085 11.7 0.996

From Table 5, it is evident that the correlation coefficient (r) in the pseudo-second-order
model (0.996) was significantly higher than the pseudo-first-order model (0.515), indicating
that the pseudo-second-order model is more suitable for describing the adsorption kinetics
of Hg2+ in this study. Additionally, the value of qe,exp was closest to the value of qe,cal of the
pseudo-second-order model than that of the pseudo-first-order model. In addition, it is
strongly suggested that the adsorption of Hg2+ onto FA48 is because of chemisorption, as
assumed by this model [45,46].

In addition, the Elovich model (Equation (7)) was also used to describe adsorption ki-
netic in this study. This model describes activated adsorption, and predicts an energetically
heterogeneous solid surface of adsorbent which means adsorption kinetics is not affected
by interaction between the adsorbent particles [26].

qt =1/β ln (αβ) + 1/β ln t (7)

where qt is the quantity of Hg2+ adsorbed at time t (mg/g), α is the initial adsorption
rate (mg/g/h), β is the related to the extent of surface coverage and activation energy for
chemisorption (g/mg).

From the result, the value of α, β, and r (correlation coefficient) was 8.4 × 103 mg/g/h,
1.1 g/mg, and 0.888, respectively. The Elovich equation is suitable to describe adsorption
behavior of Hg2+ using FA48 that relates to the nature of chemical sorption under our
experimental conditions [47].

3.6. Selectivity for Hg2+ Removal from Binary Solution System

Considering the field application of FA48, the selectivity for Hg2+ adsorption is one
of the critical parameters in this study. Therefore, the effect of coexisting ions on the
adsorption capability of Hg2+ is shown in Table 6. In our study, Na+, Mg2+, K+, Ca2+,
Ni2+, Cu2+, Zn2+, Sr2+, and Cd2+ were used as the components of the binary solution
system, as these ions are ubiquitous in the water environment [48,49]. In this study, the
removal percentage of Hg2+ using FA48 in a single solution system was approximately
14.0% whereas, the removal of Hg2+ in the binary solution system was over 11.4% (except
for Na+ and K+), and the removal of other cations was significantly lower. A similar
trend was reported in a previous study [6]. In addition, previous studies reported that
the radius of the hydrated ion and/or the electronegativity of the adsorbate (Hg2+ in this
study) strongly and directly influenced the adsorption capability in aqueous media [48,49].
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Therefore, similar phenomena were observed under our experimental conditions. Finally,
our results show that FA48 is useful for the selective removal of Hg2+ from aqueous media.
Moreover, the Minamata Convention on Mercury was adopted by the Intergovernmental
Negotiating Committee in 2017. Therefore, the development of removal techniques for Hg2+

in wastewater from anthropogenic activities such as the steel industry is very important for
establishing a sustainable society. Thus, FA48 could be applied for wastewater purification
including Hg2+ such as the steel industry.

Table 6. Adsorption capacity of Hg2+ in binary solution system.

Components in Binary
Solution Removal Percentage of Hg2+ (%) Removal of Other Cations (%)

Hg2+ + Na+ 4.6 0
Hg2+ + Mg2+ 11.4 0

Hg2+ + K+ 5.1 0
Hg2+ + Ca2+ 11.9 0
Hg2+ + Ni+ 16.2 0.1

Hg2+ + Cu2+ 12.9 2.4
Hg2+ + Zn2+ 16.0 1.3
Hg2+ + Sr2+ 15.9 0
Hg2+ + Cd2+ 14.4 1.8

3.7. Adsorption/Desorption Capability of Hg2+ Using FA48

Finally, the adsorption/desorption capability of Hg2+ using FA48 was demonstrated
in this study (Figure 6). The quantity of Hg2+ desorbed increased with increasing con-
centration of sodium hydroxide solution from 10 to 1000 mmol/L (the quantity of Hg2+

adsorbed was approximately 40 mg/g). The desorption percentages using 10, 100, and
1000 mmol/L sodium hydroxide solutions were 37.5%, 41.6%, and 68.3%, respectively.
Therefore, adsorbed Hg2+ onto FA48 could be easily desorbed using a sodium hydroxide
solution under our experimental conditions. Further investigations are needed to elucidate
the application of FA48 in these fields.

Figure 6. Adsorption/Desorption capability of Hg2+ using FA48. Adsorption condition; initial
concentration: 250 mg/L, sample volume: 150 mL, adsorbent: 0.15 g, temperature: 25 ◦C, contact
time: 24 h, agitation speed: 100 rpm, Desorption condition; initial concentration: 10, 100, and
1000 mmol/L, sample volume: 50 mL, adsorbent: 0.05 g, temperature: 25 ◦C, contact time: 24 h,
agitation speed: 100 rpm.
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4. Conclusions

Six types of potassium zeolites (FA1, FA3, FA6, FA12, FA24, FA48) were synthesized by
hydrothermal treatment using a potassium hydroxide solution. The values of CEC, specific
surface area, and pore volume (d 5 20 Å) of FA48 were 26–29, 34, and 100 times higher
than that of CFA, indicating that FA48 has a high potential for the removal of Hg2+ from
aqueous media. The quantity of Hg2+ was in the order CFA and FA1 (0–0.48 mg/g) < FA3
(2.2 mg/g) < FA6 (3.5 mg/g) < FA12 (4.0 mg/g) < FA24 (7.5 mg/g) < FA48 (11.6 mg/g)
under our experiment conditions. These adsorption behaviors were affected by the CEC
and/or pore volume (d ≤ 20 Å). In addition, the effects of pH, temperature, contact time,
and coexistences on the adsorption of Hg2+ using FA48 were demonstrated. The optimal
pH was approximately 5.0. The adsorption isotherm data or kinetics data were described
by the Freundlich and Langmuir models or the pseudo-second-order model, respectively.
Moreover, one of the adsorption mechanisms determined was the ion exchange with K+

in the interlayer of FA48 (correlation coefficient = 0.946). FA48 showed selectivity for the
adsorption of Hg2+ from a binary solution system containing Na+, Mg2+, K+, Ca2+, Ni2+,
Cu2+, Zn2+, Sr2+, or Cd2+. Finally, adsorbed Hg2+ onto FA48 was easily desorbed using a
sodium hydroxide solution. It is evident that FA48 is a useful adsorbent for Hg2+ removal
from aqueous media. These techniques may potentially aid in mitigating heavy metal
pollution and thus contribute to the establishment of a sustainable society.
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