
Vol.:(0123456789)1 3

Arabian Journal for Science and Engineering (2021) 46:10365–10380 
https://doi.org/10.1007/s13369-021-05349-5

RESEARCH ARTICLE-CIVIL ENGINEERING 

Sustainable Evaluation of Using Nano Zero‑Valent Iron and Activated 
Carbon for Real Textile Effluent Remediation

Ahmed K. Badawi1  · Emad S. Bakhoum1,2  · Khaled Zaher3

Received: 26 September 2020 / Accepted: 12 January 2021 / Published online: 29 January 2021 
© King Fahd University of Petroleum & Minerals 2021

Abstract
In this study, the performance of using two different adsorbents, nano-zero-valent iron (nZVI) and activated carbon (AC), 
was examined for the treatment of real textile effluents. The porous structure and chemical composition of the synthesized 
nZVI were detected via X-ray diffraction, scanning electron microscopy and EDX analysis. Batch adsorption studies were 
conducted to investigate the optimal operating conditions including pH, adsorbent dose, contact time and stirring rate for 
the removal of COD, TSS and color from real textile wastewater. At same optimal operating conditions, pH 6, dose 0.8 g/L, 
contact time 20 min and stirring rate 100 rpm, the experimental results showed distinctive removal efficiency by using AC 
reached to 78.8% for COD, 76.2% for TSS and 84% for color, while nZVI recorded relatively lower removal efficiency reached 
to 74.7% for COD, 72.6% for TSS and 80% for color. A comparison study between nZVI and AC was conducted to evalu-
ate the potential of using the two sorbent materials based on technical and sustainable criteria using different multi-criteria 
decision-making methods: TOPSIS, AHP and SAW. The study concluded that generally AC is better than nZVI based on 
the established criteria and weights.
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1 Introduction

 In the earlier decades, water pollution has increased dra-
matically owing to continuous and large quantities of tex-
tile industry discharge. The textile effluents are considered 
chemically intensive wastewaters and one of the extreme 
hazardous effluents that have strong color. In addition, it is 
deeply polluted by chemical oxygen demand (COD), total 
suspended solids (TSS) accompanied by elevated pH and 
temperature. The concentrations of textile wastewater pol-
lutants vary from one factory to another. Table 1 summa-
rizes the characteristics of raw textile wastewater along with 

pollutants concentration ranges [1]. The existence of TSS 
in water could seriously affect the marine environment by 
choking the breathing organ of fish and block the way of 
natural light to penetrate the water causing eutrophication. 
On the other side, dyes can damage aquatic life cycle as it 
bear chemical and organic deviations and devour dissolved 
oxygen from water. In humans, dyes can cause dermatitis 
and respiratory diseases and also could be central to cir-
culatory disorders, lung irritation and eye problems. Wide 
categories of dyes have complex chemical structure and not 
degradable [1]. Numerous researches have been conducted 
several biological treatment processes for textile wastewater 
treatment [2, 3]. All of the predictable biological treatment 
approaches are not efficient enough to degrade the dyes 
wholly as well as will not keep up with the massive efflu-
ent amounts in a short time [2, 4]. Therefore, dyes exclu-
sion from textile discharges remains a key problem. Lately, 
diverse efficient treatment techniques are applied for textile 
effluents treatment, such as coagulation [5], membrane sepa-
ration [6], ozonation [7] and advanced oxidation processes 
[8]. Each of these treatment methods has its own flaws, such 
as massive sludge production, periodic maintenance require-
ments, or energy consumption, and thus the high cost [1]. 
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In view of that, finding effective, economic and eco-friendly 
treatment method for textile effluents treatment is of great 
interest. Adsorption process is one of the supreme widely 
applied methods for textile wastewater treatment since it is 
very effective in eliminating toxic dyes and it is low cost 
mainly when adding low adsorbent dose [9, 10]. Key fac-
tors affecting adsorption process are as follows: chemical 
and textural structure of the adsorbent, pH, adsorbent dos-
age, contact time and temperature [11]. There are several 
sorbent materials that could be utilized for dyes and heavy 
metal adsorption, such as agriculture waste adsorbents [12], 
industrial waste adsorbents [13], natural materials [14, 15] 
and biosorbents [16]. Activated carbon (AC) is considered 
the most commonly utilized adsorbent as it has proved the 
ability of dyes removal owing to its microporous structure, 
abundant surface area and great adsorption capability [17]. 
The AC is traditionally obtained from hard coal; however, 
it could be extracted in a low-cost way from wastes, such 
as bamboo dust [18], coconut shell [19], rice husk [20] and 
date pit [21]. The addition of adsorption process based on 
AC adsorbent has been evaluated by [22] as a second treat-
ment step for real textile wastewater treatment. The obtained 
results revealed the enhancement of the COD, turbidity and 
color removal achieving maximum removal rates of 98.3%, 
100% and 98.4%, respectively, at optimum adsorbent dose 
0.75 g/L and contact time 120 min. Recently, zero-valent 
metal nanomaterials, such as zero-valent iron (ZVI), zero-
valent copper (ZVC), zero-valent aluminum (ZVAl) and oth-
ers, have been established as a potential sorbent materials 
for industrial wastewater treatment [23]. The estimable char-
acteristics of these nanomaterials are their nanometer size 
and large surface area. Moreover, the exceptional electron 
conduction could offer sorbent nanomaterials with excel-
lent evaluation in dyes removal from real textile wastewa-
ters. Nano-zero-valent iron (nZVI) was reported to have an 
excellent degradation capability towards dyes and organic 

substances [11, 23].  Moreover, the high evaluation on the 
exclusion of metal ions [24]. In early research, the Disperse 
Red 1 dye adsorption on nZVI has been evaluated by [25]. 
About 98% color removal was recorded in fairly short time 
10 min. Also, the capability of adsorbing methylene blue 
(MB) basic dye was studied by [26] at optimum operating 
conditions of pH 9.5, adsorbent dosage 0.5 g/L and contact 
time 1 min. The extreme adsorption rate of nZVI towards 
MB was 208.33 mg/g, demonstrating a promising adsorbent 
for dying effluents treatment. In another study [11], nZVI 
was examined for the decolorization of real textile wastewa-
ter. The achieved results showed remarkable removal abil-
ity of color at pH 5, contact time 50 min and stirring rate 
150 rpm, reached 71% and 99% for 350 and 50 mg/L Pt/
Co initial color concentrations, respectively. On the other 
side, multi-criteria decision making (MCDM) is an impor-
tant branch of the decision-making process that deals with 
decisional problems including various, usually conflicting, 
criteria. Several methods can be used to solve the multi-
attribute decision making problems. Each method has its 
own characteristics, utilization complexity and the required 
supplementary information such as the weights of criteria 
[27]. MADM methodology aims to improve the decision 
quality by helping the decision maker to evaluate and select 
the alternatives that have various and conflict technical and 
sustainable criteria [28]. In the field of water treatment, vari-
ous MCDM methods were used by previous researchers. For 
example, fuzzy Delphi method was used to detect the signifi-
cance of sustainability criteria for the conventional and novel 
technologies for the treatment of industrial effluents [29]. 
Analytical hierarchy process (AHP) with fuzzy was used to 
introduce an environmental risk assessment methodology for 
engineered nanoparticles [30]. In addition, AHP was utilized 
to indicate the best removal method of adsorption processes 
for textile wastewater treatment [31]. Moreover, AHP and 
grey relation analysis (GRA) were incorporated to select the 
optimum full-scale tannery effluent treatment plants [32]. 
Generally, it was concluded that MCDM techniques are use-
ful tools to select the chemicals for the physical-technical 
treatment [33], and AHP can be considered as an effective 
tool that can be used for implementation of appropriate 
wastewater treatment technology [34].

Life cycle assessment (LCA) is a methodology that val-
ues environmental impacts caused by a product or service 
through its life cycle, from extraction of raw materials to 
final stage when the product becomes a waste. The LCA 
technique was used in different studies to assess the envi-
ronmental influences of nZVI and AC. For example, LCA 
was applied for three methods of nZVI synthesis; milling, 
chemical reduction with sodium borohydride and chemi-
cal reduction with hydrogen gas. Simapro tool, Ecoinvent 
database and the Impact 2002 + method were used to ana-
lyze the environmental impacts of each nZVI method used 

Table 1  Typical characteristics of raw textile wastewater

Parameter Range

pH 6–10
Temperature (°C) 35–45
BOD (mg/L) 80–6000
COD (mg/L) 150–12,000
Total suspended solids (mg/L) 15–8000
Total dissolved solids (mg/L) 2900–3100
Chlorine (mg/L) 1000–6000
Oil and grease (mg/L) 10–30
Free ammonia (mg/L)  < 10
SO4 (mg/L) 600–1000
Total kjeldahl nitrogen (mg/L) 70–80
Color (Pt–Co) 50–2500
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in the remediation of contaminated sites [35]. Moreover, 
LCA was utilized to advance the life cycle impact assess-
ment profile of biochar-based carbon activation compar-
ing with commercial coal-based carbon activation in terms 
of cumulative energy demand and environmental impacts 
[36]. In addition, LCA was used as an eco-design tool to 
assess the environmental performance of nZVI synthesis 
process by traditional and green methods [37]. From previ-
ous researches, it was concluded that LCA is a deep-rooted 
and internationally accepted method for categorizing GHG 
emissions and other impacts from industrial processes. LCA 
is a powerful environmental tool dealing with the compli-
cated interaction between the environment and a product 
by quantifying the consumed resources and energy through 
whole life cycle of the products or systems [36, 38]. Limited 
data exist concerning the nZVI life cycle inventory (LCI) 
and environmental impact assessment. This study compiled 
available information concerning the environmental assess-
ment of the nZVI particles compared with AC containing 
the data that should be considered when choosing the best 
adsorbent for textile effluent treatment and other remediation 
processes. The key purpose of this research is to investigate 
the feasibility of using AC and nZVI adsorbents for COD, 
TSS and color removal from real textile wastewater under 
diverse operating conditions. Moreover, evaluating the uti-
lization of ZVI and AC is based on technical and sustain-
able criteria to determine the better adsorbent material for 
textile wastewater treatment. As a step towards sustainable 
development, use of AC or nZVI as sorbent materials for 
the treatment of real textile effluents requires the integra-
tion of a multiple criteria, including those related to techni-
cal performance, potential impacts to the environment and 
socioeconomic aspects. Technique for Order Preference by 
Similarity to the Ideal Solution (TOPSIS), analytical hier-
archy process (AHP) and simple additive weighting (SAW) 
are three MCDM methods that used in this study to assess 
and select the better material. In addition, LCA technique 
is used to evaluate the environmental impacts and human 
health criteria.

2  Materials and Method

2.1  Chemicals

The used chemicals in this study were ferric chloride 
(FeCl3.6H2O, 98.5% pure, Aldrich Co), ethyl alcohol 
(C2H6O, 95% pure, World Co.), sodium boron hydride 
(NaBH4, 99% pure, Win Lab.), sulfuric acid (H2SO4, 97%, 
Honeywell Co.) and sodium hydroxide (NaOH, 99% pure, 
Oxford Co.). The used AC was supplied by (Supelco, Co.) 
in an analytical grade and used without further activation. 
Table 2 summarizes the basic physical characteristics of the 

used AC adsorbent. The nZVI sorbent material was pre-
pared at the Housing and Building National Research Center 
(HBRC), Chemistry Lab.

2.2  nZVI Preparation

The nano-iron particles were prepared by borohydride 
reduction of ferrous iron (Eq.  1). About 0.5406 gm 
 FeCl3·6H2O was dissolved in a 4/1 (v/v) ethanol/water mix-
ture (24 ml ethanol + 6 ml deionized water) to prepare iron 
chloride solution. Further, 0.3783 g  NaBH4 was dissolved 
in 100 mL of deionized water to prepare 0.1 molar  NaBH4 
solution. The  NaBH4 solution was added using a burette 
to the iron chloride solution at a rate of 1 drop per 2 s with 
vigorous stirring (400 rpm). Black particles of nZVI were 
formed directly after mixing the two solutions. The wet iron 
nanoparticles were vacuum filtered twice with Whatman 
filter papers (Grade 42 circles, diameter 150 mm) to sepa-
rate the solid particles from the liquid. The separated solid 
particles were subjected to three times wash with 25 mL 
portions of absolute ethanol to avoid the rapid oxidation of 
prepared iron nanoparticles. The iron nanoparticles were 
dried overnight inside an oven at 80 °C. Finally, a thin layer 
of ethanol was added to protect the iron nanoparticles from 
oxidation [39].

2.3  Batch Adsorption Studies

The adsorption of COD, TSS and color onto two different 
sorbent materials (AC and nZVI) was investigated using 
batch experiments in 1000-mL Erlenmeyer flasks. A one-
factor at-a-time method was used to conduct the effects of 
operating parameters for instance pH: 2–12, dose: 0.05–1 g, 
stirring rate: 50–200 rpm and contact time: 5–60 min on the 
removal efficiencies of the studied parameters, while keep-
ing other parameters constant (pH 6, dose 0.8 g/L, contact 
time 20 min and stirring rate 100 rpm). Samples treated with 
nZVI were filtered so that they did not contain high iron 
content. Therefore, the discharged iron concentrations were 
negligible and conformed to the Egyptian Standards.

(1)
2FeCl3 + 6NaBH4 + 18H2O → 2Fe

0 + 21H2 + 6B(OH)3 + 6NaCl.

Table 2  Physical properties of the used activated carbon adsorbent

Specific surface area  (m2) 964
Particle size (µm) 150
Mesopore vol.  (cm3/g) 0.058
Micropore vol.  (cm3/g) 0.294
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2.3.1  Calculations

The removal efficiency for all studied contaminants was cal-
culated based on Eq. 2.

where C0 is the initial concentration of the contaminants 
(mg/L) and Ce is the equilibrium concentration after treat-
ment (mg/L).

2.3.2  Samples Collection and Characterization

This study was conducted on the textile wastewater disposed 
from a textile industry located in El-Sadat City, Menoufia-
Egypt. This industry adopts a treatment system consisting 
of coagulation–flocculation and sedimentation tanks. It 
receives about 200  m3 of untreated textile wastewater daily. 
The wastewater received by this plant is normally generated 
from dyeing of cotton and polyester fabrics (Fig. 1), which 
is extremely polluted due to the presence of different types 
of dyes.

Unluckily, the quality of the treated effluents does not 
meet the Egyptian Standards to be discharged to the sewage 
networks (Table 3). Composite partially treated textile efflu-
ent samples were collected after every two hours during the 
whole working day (8 h) to provide a comprehensive picture 
of pollutants for a full working day. Afterwards, the samples 
were mixed and placed in a container and then conveyed to 

(2)Removal(%) =

(

C0 − Ce

C0

)

× 100

the HBRC chemistry laboratory for chemical characteriza-
tion based on the standard methods for the examination of 
water and wastewater [40]. The collected samples were red-
dish brown in color and contain high concentrations of TSS, 
COD, turbidity, TN and color as summarized in Table 3.

2.3.3  Analytical Analysis

The tested samples were analyzed for pH, COD, TSS and 
color. Moreover, the TN, TDS and turbidity analyses were 
conducted for the samples collected from the factory. The 
medium pH and TDS were measured by multi-meter PH/
OXI 340 I (JERMANY/ WTW 340i/05,281,018, Germany), 
while the analysis of COD and TSS was performed using 
spectrophotometer (HACH DR/2000) set at 620 nm and 
810 nm wavelength, respectively. The dichromate-closed 
reflux method was followed for COD determination. 
Color was measured by APHA platinum–cobalt method 
using spectrometer (HACH DR/2000 set at 455 nm wave-
length), and distilled water was used as a blank. Turbid-
ity was measured by turbidity meter (COLE PALMER-
USA/08,391.45/12,106,698). All measurements were 
repeated three times and those results in which the stand-
ard deviations were found greater than 0.1 mg/L were not 
accepted.

2.4  Multi‑Criteria Decision‑Making (MCDM) 
Methods

2.4.1  Technique for Order Preference by Similarity 
to the Ideal Solution (TOPSIS)

TOPSIS is one of the popular classical MCDM methods and 
classified as one of the ideal point methods, which alter-
natives are ranked according to their separation from an 
ideal point [41]. TOPSIS determines that the selected solu-
tion should have the shortest distance to the positive ideal 

Fig. 1  Real photographs from the factory representing the dying pro-
cess with the colored wastewater disposal

Table 3  Partially treated textile wastewater samples characterization

*Partially treated samples: wastewater subjected to coagulation, floc-
culation, and sedimentation
**Law 93/62 Discharge to sewer system (as Decree 44/2000)

Parameter Unit Partially treated textile 
wastewater*

Discharge 
to sewer 
system**

pH – 6.5 6–9.5
Turbidity NTU 34 N/A
COD mg/L 1231  < 1100
TSS mg/L 700  < 800
TDS mg/L 696 N/A
TN mg/L 31.2 100
Color Pt–Co 125 N/A
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solution (best measures) and the longest distance from the 
negative ideal solution (worst measures), and then, the dis-
tance Ri

+ (similarity or relative closeness the positive-ideal 
solution) is assigned to each alternative. The final order is 
obtained sorting the set of alternatives decreasingly in terms 
of Ri

+ [42]. TOPSIS provides a mechanism that is attrac-
tive because it follows the principles of automatic machine 
learning as it can consider several attributes in a systematic 
manner without hugely subjective human input. Discrete or 
continuous data are standardized to a range between 0 and 
1, and a complete ranking is provided on the relative dis-
tance of each alternative to the ideal point [27, 42]. TOPSIS 
processes can be summarized as follows for an alternative i 
under evaluation criterion j and its weight wj:

1. Normalization.

where xij and rij are evaluation and normalized evalua-
tion matrix R (respectively).

2. Weighting.

3. Positive V+ and negative V− ideal solutions.

4. Separation measure from the positive Si
+ and negative 

Si
−

5. Calculate Ri
+

2.4.2  Analytical Hierarchy Process (AHP)

The AHP is the most popular MCDM methods that uses a 
hierarchical structure to break the decision problem down 
into a hierarchy of interrelated decision elements [43]. AHP 

(3.1)rij =
xij

∑m

i=1
xij

i = 1,… ,m; j = 1,… , n

(3.2)vij = wj ⋅ rij

(3.3a)v+
max

= max vij =

[

v+
1
, v+

2
,… , v+

j
, v+

n

]

(3.3b)v−
min

= min vij =

[

v−
1
, v−

2
,… , v−

j
, v−

n

]

(3.4a)Si+ =

√

∑

j=1n

(vij − vj+)
2

(3.4b)S−
i
=

√

√

√

√

n
∑

j=1

(vij − v−
j
)2.

(3.5)R+
i
=

S−
i

S+
i
+ S−

i

.

reduces complex decision by transforming it into a series of 
simple comparisons and rankings and then synthesizing the 
outcomes and helps the decision maker to obtain the best 
decision [44]. AHP is an easy and flexible tool that provides 
the decision maker by a clear rationale for the choices made. 
AHP includes three stages [45]:

1. Decomposition: It breaks the complex decision problem 
into simple decision problems using hierarchy structure.

2. Comparative: It implements pairwise comparisons by 
developing a comparison matrix at each level of hierar-
chy, obtaining weights and computation of consistency 
ratio.

3. Finally, the obtained relative weights should be com-
bined for each level to provide composite weights.

2.4.3  Simple Additive Weighting (SAW)

SAW is the most widely MADM method due to its simplic-
ity. In SAW, the decision maker must assign the relative 
importance weights. The alternative’s score is estimated by 
multiplying the assigned weights by the scaled value of the 
alternative for a criterion. Then, summation of the products 
for all criteria is computed. Different measurement scales for 
the criteria scores should be standardized to a known dimen-
sionless unit, taking into consideration which the criterion 
is beneficial or non-beneficial [27].

2.5  Criterion Weights (Pairwise Comparison 
Method)

A criterion weight is value given to indicate the importance 
of each criterion relative to other criteria [27]. Pairwise com-
parison is the most used method to assign the weight. In this 
method, a ratio matrix is created using pairwise comparisons 
as input and produce relative weights as output. After that, 
the consistency ratio (CR) is estimated to assess the reason-
able level of consistency [43].

2.6  Life Cycle Assessment (LCA) Method

A life cycle assessment (LCA) is a methodology that 
attempts to assess the environmental performance of a 
product over its total life cycle by considering the flow of 
raw materials and energy into a system and relating them to 
the environmental impacts [46]. LCA is currently seen as 
a key tool to the achievement of sustainable development. 
The LCA process is a systematic and phased approach. ISO 
Standard 14040 requires that LCA shall involve the fol-
lowing four phases goal definition and scoping, inventory 
analysis, impact assessment and interpretation [47]. An 
inventory analysis gathers system inputs and outputs during 
its life cycle including the data collection and calculation 
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procedures. The impact assessment phase evaluates the 
importance of potential environmental impacts based on 
the life cycle inventory (LCI) results. LCA can be used both 
as a tool for assessments and a concept in evaluations [48].

3  Experimental Studies

3.1  nZVI Characterization

Figure 2a represents the SEM characterization of the pre-
pared nZVI before any treatment processes. Numerous 
pores were noticed along with heterogeneous and irregular 
surface structures for the prepared nZVI with an average 
size of 37.8 nm as shown in Fig. 3a. This permits better 
mass transfer and diffusion of constituents into the inner 
iron nanoparticles [49]. Figure 2b displays the XRD for 
the prepared nZVI. Two reflection peaks were noticed at 
2-theta = 44.6° and 65.0° corresponding to 110 and 200 
reflections, respectively. The XRD result demonstrated that 
ZVI was predominant in the prepared sample. Figure 2c 

displays EDX analysis which performed for detecting the 
chemical composition of the prepared nZVI. The EDX anal-
ysis revealed that the prepared nZVI contains 70.86% iron, 
which confirmed that the leading product in the prepared 
sample is iron. The existence of oxygen was observed to be 
29.14%. It may be owing to the formation of the iron oxide 
shells resulting from the iron nanoparticles and water or air 
reactions throughout observation [50].

3.2  Batch Adsorption Results

3.2.1  Effect of Operating Conditions

3.2.1.1 Effect of pH Figure 3a displays the effect of pH on 
the removal of COD, TSS and color by using nZVI and 
AC. The obtained results suggested that AC and nZVI are 
effective for COD, TSS and color removal from real tex-
tile effluents. However, the removal results for all studied 
contaminants were observed low at pH < 4. It could be the 
result of electrostatic attraction subsequent from the exces-
sive presence of  H+ ions on the surface of adsorbent par-

Fig. 2  Characterization of the prepared nZVI: a SEM, b XRD, and c EDX
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ticles that compete for the active adsorption sites with the 
cations in the textile wastewater [11]. A noticeable increase 
in the removal efficiency was observed with an increase in 
the value of pH until the maximum reached at optimum pH 
6 recording maximum removal efficiency 65.7%, 60.5% and 
67.3% by using AC and 64.8%, 60.4% and 65% by using 
nZVI for COD, TSS and color, respectively. This is could 
be owing to the reduction in the  H+ ions, which improve the 
electrostatic attraction between the negatively charged sur-
face of the adsorbent and the textile wastewater cations [51]. 
A dramatic decrease in the removal efficiency for all studied 
contaminants was observed at pH > 6. This may be caused 
by the increase in  OH− ions, which compete with negative 
ions on the surface of the adsorbent particles [17]. Similar-
ity, the optimum removal of  Cu2+ heavy metal was reported 
to be (> 98%) using nZVI at acidic medium pH 6 [52]. 
In addition, the degradation of nitrate based on nZVI has 
been reported as an acidity-driven process [53]. In another 
study, the optimum deduction of methylene blue (MB) was 
recorded at pH 7.2 using commercial AC [54].

3.2.1.2 Effect of  Adsorbent Dosage Figure  3b shows the 
influence of nZVI and AC dosage on the removal of COD, 
TSS and color from real textile wastewater. The achieved 
results showed that the removal efficiency increases by dose 
increase for AC and nZVI sorbent materials. The obtained 
results presented that the removal efficiency improved by 
dose increase and as a result entrapping excessive amounts 
of molecular contaminants as a result of getting greater 
vacant site for adsorption [17]. The optimal effective dose 
by both AC and nZVI was 0.8 g/L achieving removal effi-
ciency of 78.8% for COD, 76.2% for TSS and 84% for color 
by using AC and 74.7% for COD, 72.6% for TSS and 80% 
for color by using nZVI. A significant development on the 
removal rates was observed by using adsorbent dose greater 
than 0.8 g/L. This could be due to excess of adsorbent parti-
cles which could overlap the pore structure of the adsorbent 
[18].

3.2.1.3 Effect of Contact Time The impact of contact time 
was considered for the optimum removal of COD, TSS and 

Fig. 3  Effect of operating conditions on the removal of COD, TSS and color by AC and nZVI: a effect of pH, b effect of adsorbent dose, c effect 
of contact time and d effect of stirring rate
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color from real textile wastewater as shown in Fig. 3c. The 
removal efficiency was observed low for all studied con-
taminants at contact time < 15 min. At contact time 20 min, 
a significant enhancement in the removal efficiency was 
recorded to be 65.8%, 59.9% and 66.7% by using AC and 
64.3%, 58.6% and 66.3% by using nZVI for COD, TSS and 
color, respectively. A slight improvement in the removal 
efficiency was noticed at contact time > 30 min, which could 
be owing to the adsorbent saturation and equilibrium condi-
tion. Consequently, the optimum contact time was detected 
to be 20 min. In similar, the MB dye removal was evalu-
ated by [55] using AC prepared from bio-waste. About 74% 
removal efficiency was achieved within 20 min contact time. 
In another study [56], the optimum uptake of Pb (II) and Hg 

(II) was achieved at 20 min contact time by using modified 
nZVI adsorbent.

3.2.1.4 Effect of Stirring Rate The effect of stirring rate was 
also studied for the maximum COD, TSS and color removal 
from real textile wastewater as shown in Fig. 3d. At stirring 
rate < 100  rpm, the removal efficiency of all studied con-
taminants was observed low. However, the optimum stirring 
rate was detected to be 100  rpm. The obtained results of 
removal at 100  rpm stirring rate for COD, TSS and color 
were recorded 65.6%, 60% and 66.7% by using AC and 
64%, 59.2% and 65.3% by using nZVI, respectively. Stirring 
rate of 100  rpm enhanced the pollutants molecules inter-
action with adsorbent particles and thus improved the liq-
uid–solid mass transfer. A slight reduction in the removal 

Table 4  Review of MCDM criteria by previous researchers

Category Criteria References

Technical Treatment efficiency, combination possibility, health and safety considerations, ease of implementation and 
process stability

[29]

Economic Initial investments, operation, and maintenance costs
Environmental Solid waste generation, release of chemical substances,  CO2 emission, water reuse potential, and the potential 

to recover by-products
Social Visual, odor, and noise impacts and public acceptability of the technology received
Environmental Human health, ecosystems quality, climate change, resources (including energy, solid waste, wastewater, 

global warming, eutrophication, acidification, depletion of the ozone layer, photochemical oxidation, inor-
ganic respiratory)

[35]

Economic Life cycle cost including internal costs (labor, material, energy cost) and externa costs (environmental cost)
Environmental Ozone depletion, global warming, smog, acidification, eutrophication, carcinogenic, non-carcinogenic, res-

piratory effects, ecotoxicity, fossil fuel depletion
[38]

Energy Cumulative energy demand including renewable and non-renewable energy consumption
Environmental 

Impact & Human 
Health

Abiotic depletion, acidification, eutrophication, freshwater aquatic ecotoxicity, global warming, human 
toxicity potential marine aquatic ecotoxicity, ozone depletion photochemical oxidant creation, terrestrial 
ecotoxicity

[36]

Cost Production cost
Environmental Climate change, ecosystem quality (aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification and 

nitrification, land occupation), human health (ionising radiation, respiratory effects “inorganics,” pho-
tochemical oxidation, ozone layer depletion, human toxicity) and resources (non-renewable energy and 
mineral extraction)

[37]

Cost Cost of materials and energy
Environmental Abiotic potential, acidification potential, eutrophication potential, freshwater aquatic ecotoxicity potential, 

global warming potential, human toxicity potential, ozone layer depletion potential, photochemical ozone 
creation potential, terrestrial ecotoxicity potential, and energy

[58]

Technical Removal rate including contact time, ph, and initial concentration of dye (calculated based on removal effi-
ciency)

[31]

Cost Initial cost, operating and maintenance cost, and required expertise (calculated based the price in the market 
and the consumed energy)

Economic Capital cost, operating and maintenance costs and land area requirement for the treatment alternative [34]
Technical Removal efficiency in terms of bio-chemical oxygen demand (BOD), chemical oxygen demand (COD), total 

dissolved solids (TDS), suspended solids (SS), permeate recovery, treatment time, reject generation, operat-
ing flow capacity, sludge handling

Administrative Ease of plant operation (based on the fact that how much facilities are essential for the operation, process 
control, maintenance of the treatment plant and sludge handling)

Technical Removal of COD, turbidity, pH, conductivity, color,  V30 [33]
Cost Material cost
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efficiency was observed for all studied contaminants after 
stirring > 100 rpm. This could be caused by the electrostatic 
forces interruption owing to high stirring rates [17, 57].

4  Evaluation Criteria and Inventory Analysis

The evaluation of the performance on sustainability criteria 
basis and integrating them into the decision-making process 
is a primary task to ensure the achievement of long-term 

benefits [29]. A review has been conducted to investigate 
the various criteria that used in similar researches to help 
in selecting the suitable criteria of this study. Table 4 pre-
sents samples of the criteria review. Based on that review, 
the categories and criteria are stated according to the prob-
lem nature and the selected alternatives. The selection of 
optimal alternative involves multiple criteria and hierar-
chy process as shown in Fig. 4. In this sense, the present 
MCDM study considered the technical, environmental and 
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Fig. 4  The hierarchy process of MCDM

Table 5  Five-point scale measurement for agglomeration and regen-
eration indexes

Score Very high 
“best perfor-
mance”

High Medium Low Very low 
“worst per-
formance”

5 4 3 2 1

Agglomera-
tion

AC nZVI

Regeneration nZVI AC

Table 6  LCI Inputs and outputs for nZVI [35]

Inputs/outputs Amount

FeCl3 (Mixture of reactants) 2.56 kg
NaBH4 (Mixture of reactants) 2.34 kg
Filter papers (Filtration process) 2.14 kg
Ethanol (Washing process) 3.76 kg
Energy (Stirring process) 6.75 × 10−2 kWh
Energy (Filtration process) 1.05 × 10−2 kWh
Solid waste (Filtration process) 2.14 kg
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socioeconomic aspects as the criteria to evaluate the alterna-
tives (AC and nZVI) including 17 indexes. The data required 
for these criteria are based on the experiment study executed, 
life cycle inventory (LCI) datasets available on Ecoinvent, 

market prices and data available in bibliography. IMPACT 
2002 + methodology is used for impact assessment. Environ-
mental and socioeconomic data are determined according to 
the 1 kg of the material (nZVI or AC) produced.

Table 7  Environmental and 
health (LCA) data

Data for 1 kg

Criteria/index Unit of measure Activated carbon 
(AC)

Nanoscale zero-
valent iron (nZVI)

Energy consumption kwh 32.863 0.078
Consumed materials kg 6.587 10.8
Global warming kg  CO2 eq 7.59679 30.232
Acidification potential kg  SO2 eq 0.0539 1.246
Eutrophication potential kg  PO4 P-lime 0.00185 0.018
Solid waste generation kg 0.00066 2.14
Ozone depletion Potential kg CFC-11 eq 2.65E–07 3.38E−06
Respiratory effects (inorganics) kg PM2.5 eq 0.00751 0.0482
Photochemical oxidation kg  C2H4 eq 0.001 0.007

Table 8  Pairwise comparison process “weighted sum vector”

TC1 TC2 TC3 TC4 TC5 TC6

Technical criteria (TC)
TC1 0.191 0.191 0.191 0.105 0.105 0.105
TC2 0.191 0.191 0.191 0.105 0.105 0.105
TC3 0.191 0.191 0.191 0.105 0.105 0.105
TC4 0.259 0.259 0.259 0.142 0.142 0.142
TC5 0.259 0.259 0.259 0.142 0.142 0.142
TC6 0.259 0.259 0.259 0.142 0.142 0.142

EN1 EN2 EN3 EN4 EN5 EN6

Environmental criteria (EN)
EN1 0.231 0.102 0.112 0.099 0.099 0.099
EN2 0.346 0.154 0.169 0.149 0.149 0.149
EN3 0.346 0.154 0.169 0.124 0.124 0.124
EN4 0.346 0.154 0.202 0.149 0.149 0.149
EN5 0.346 0.154 0.202 0.149 0.149 0.149
EN6 0.346 0.154 0.202 0.149 0.149 0.149

SE1 SE2 SE3 SE4 SE5

Socioeconomic criteria (SE)
SE1 0.259 0.132 0.132 0.132 0.132
SE2 0.363 0.185 0.185 0.185 0.185
SE3 0.363 0.185 0.185 0.185 0.185
SE4 0.363 0.185 0.185 0.185 0.185
SE5 0.363 0.185 0.185 0.185 0.185

TC EN SE

All criteria
TC 0.375 0.269 0.252
EN 0.450 0.322 0.275
SE 0.450 0.355 0.303
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The life cycle assessment of nZVI includes the activities 
involved in nZVI manufacturing, from the extraction of raw 
material to the obtaining of nZVI particles. LCI includes 
inputs and outputs of the process of chemical reduction 
with sodium borohydride including the stages of mixtures 
of reactants, stirring, filtration, washing and drying [35, 
37]. Regarding activated carbon (AC), the data collected 
form Ecoinvent database represent the production of 1 kg 
of granular activated carbon (GAC) from hard coal. LCA 
was performed from cradle to gate. LCI includes inputs and 
outputs of the process including raw materials and energy for 
activation process as well as emissions and waste.

4.1  Technical Criteria

Treatment efficiency includes the optimum removal per-
centage of COD, TSS and color to compare technically 
between alternatives based on their performance. Based 
on the experimental study, it was 78.8%, 76.2% and 84%, 
respectively, for AC, and 74.7%, 72.6% and 80%, respec-
tively, for nZVI. Other criterion is the operation stability that 
includes agglomeration and regeneration and treatment time. 
The nZVI tends to agglomerate, meaning the separate par-
ticles cluster together to form larger particles. This reduces 
the surface area of the nZVI, which decreases the mobility 
and reactivity, which in turn exerts negative impact on their 
application potential [59]. Conversely, AC can be consid-
ered less affected by agglomeration than nZVI as AC is a 
non-magnetic material has large surface area and medium 
particle size. The regeneration process of nZVI could be 
considered as a promising process, especially for nZVI used 
in conventional activated sludge systems [60, 61]. Five-point 
scale—as presented in Table 5—is used to measure both 
agglomeration and regeneration indexes. The treatment time 
using AC or nZVI is the same as indicated in the experimen-
tal study (20 min). Data of these criteria for nZVI and AC 
are based on the experimental work executed in this study 
as well as data from bibliography [17, 23].

4.2  Environmental Criteria

Resource consumption includes energy consumption and 
consumed materials. For nZVI, the consumed energy is 
considered in stirring and filtration processes, while for 
AC, the consumed energy is mainly in activation process. 
The consumed materials for nZVI are  FeCl3 and  NaBH4 
in the mixtures of reactants stage, filter papers in the fil-
tration stage and ethanol in the washing stage. Ecosystem 
quality includes global warming, acidification potential, 
eutrophication potential and solid waste generation. The 
impact categories of global warming, human toxicity 
and acidification potentials play a key role in the overall 
environmental performance of the production chain [38, Ta
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58]. For nZVI, LCI data including quantities are collected 
from bibliography references [37] as shown in Tables 6 
and 7. For AC, data of resource consumption and ecosys-
tem quality are based on Ecoinvent database and IMPACT 

2002 + methodology. The higher value of the indicator, the 
greater the environmental impact. The used environmental 
and health impact data are presented in Table 7.

Table 10  MCDM matrixes for the first scenario “equal weights of criteria”

TC1 TC2 TC3 TC4 TC5 TC6 EN1 EN2 EN3 EN4 EN5 EN6 SE1 SE2 SE3 SE4 SE5

TOPSIS “weighted normalized matrix”
AC 0.030 0.030 0.030 0.034 0.025 0.029 0.059 0.022 0.012 0.002 0.005 0.000 0.008 0.015 0.004 0.008 0.007
nZVI 0.029 0.029 0.029 0.025 0.034 0.029 0.000 0.037 0.047 0.056 0.053 0.059 0.050 0.044 0.055 0.051 0.051
AHP “weighted sum vector”
AC 0.030 0.030 0.030 0.034 0.025 0.029 0.000 0.037 0.047 0.056 0.053 0.059 0.050 0.015 0.055 0.051 0.051
nZVI 0.029 0.029 0.029 0.025 0.034 0.029 0.059 0.022 0.012 0.002 0.005 0.000 0.008 0.044 0.004 0.008 0.007
SAW “weighted normalized matrix”
AC 0.059 0.059 0.059 0.059 0.044 0.059 0.059 0.096 0.234 1.360 0.572 190.731 0.349 0.020 0.749 0.378 0.412
nZVI 0.056 0.056 0.056 0.044 0.059 0.059 24.784 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059

Table 11  Results of MCDM 
methods for the first scenario 
“equal weights of criteria”

Higher value means better rank

Criteria/method TOPSIS (R +) AHP (global score) SAW (score)

AC nZVI AC nZVI AC nZVI

Technical 0.511 0.489 0.179 0.174 0.338 0.330
Environmental 0.632 0.368 0.252 0.101 193.052 25.078
Socioeconomic 0.753 0.247 0.222 0.072 1.907 0.294
Overall 0.672 0.328 0.653 0.347 195.297 25.701

Table 12  MCDM matrixes for the second scenario “weighted criteria”

TC1 TC2 TC3 TC4 TC5 TC6 EN1 EN2 EN3 EN4 EN5 EN6 SE1 SE2 SE3 SE4 SE5

TOPSIS “weighted normalized matrix”
AC 0.037 0.037 0.037 0.030 0.023 0.027 0.074 0.019 0.011 0.002 0.004 0.000 0.011 0.014 0.004 0.008 0.007
nZVI 0.035 0.035 0.035 0.023 0.030 0.027 0.000 0.031 0.043 0.046 0.044 0.048 0.067 0.042 0.052 0.048 0.049
AHP “weighted sum vector”
AC 0.037 0.037 0.037 0.030 0.023 0.027 0.000 0.031 0.043 0.046 0.044 0.048 0.067 0.014 0.052 0.048 0.049
nZVI 0.035 0.035 0.035 0.023 0.030 0.027 0.074 0.019 0.011 0.002 0.004 0.000 0.011 0.042 0.004 0.008 0.007
SAW “weighted normalized matrix”
AC 0.072 0.072 0.072 0.053 0.040 0.053 0.074 0.081 0.216 1.111 0.468 155.862 0.465 0.019 0.714 0.360 0.392
nZVI 0.068 0.068 0.068 0.040 0.053 0.053 31.323 0.050 0.054 0.048 0.048 0.048 0.078 0.056 0.056 0.056 0.056

Table 13  Results of MCDM 
methods for the second scenario 
“weighted criteria”

Higher value means better rank

Criteria/method TOPSIS (R +) AHP (global score) SAW (score)

AC nZVI AC nZVI AC nZVI

Technical 0.520 0.480 0.190 0.185 0.362 0.351
Environmental 0.530 0.470 0.212 0.110 157.812 31.571
Socioeconomic 0.770 0.230 0.259 0.044 1.950 0.303
Overall 0.613 0.387 0.633 0.367 160.124 32.224
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4.3  Socioeconomic Criteria

Economic value includes the initial cost and multi-processes 
usage. The cost is estimated as function commercial price 
by dividing the alternative market price over the number 
of reuses that considered “4” for nZVI and “1” for AC 
[62]. The multi-processes usage means the various pro-
cesses that the alternative can be used. nZVI can be used 
as a chemical reduction or degradation or adsorption, while 
AC is used only as adsorption material. Human health and 
safety include ozone depletion potential, respiratory effects 

(inorganics) and photochemical oxidation. Data are collected 
from LCI datasets available on Ecoinvent (using IMPACT 
2002 + methodology for impact assessment), market prices 
and bibliography [35].

5  Results and Analysis for MCDM Process

Three MCDM methods (TOPSIS, AHP and SAW) are used 
to evaluate and rank the alternatives. Each method is per-
formed separately, and its results are obtained. According to 

Fig. 5  TOPSIS results for the 
comparison between AC and 
nZVI
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the experimental work executed in this study, the effective 
dose of AC and nZVI for best removal efficiency is the same 
(0.8 g/L); therefore, the functional unit is the same for both 
alternatives. Due to the big influence of the criteria weight 
on rank order of the alternatives, the degree of reliability of 
the results must be known by the decision maker to be able 
to make the final decision. Therefore, the evaluation study 
is performed in two scenarios: the first scenario considered 
equal weights of all criteria; the second scenario considered 
weights for criteria that calculated by pairwise comparison 
method. Weights of criteria and indexes which used in the 
second scenario are presented in Tables 8 and 9.

Tables 10, 11, 12 and 13 present the MCDM matrixes 
(weighted normalized matrix and weighted sum vector), 
as well as results  (R+, global score and score) for the used 
methods “TOPSIS, AHP and SAW.” The evaluation results 
for each criterion: technical, environmental and socio-
economic, in addition to the overall process are compared 
between AC and nZVI in both scenarios (equal weights for 
criteria and weighted criteria).

Figures 5, 6 and 7 show the compared the results of differ-
ent MCDM methods for each criterion as well as to the over-
all evaluation in the two scenarios. In technical comparison, 
it is found that there is no significant difference between AC 
and nZVI either in equal weights or weighted criteria for the 
three methods. In environmental comparison, there is a dif-
ference between the alternatives for TOPSIS and AHP when 
using equal weights; however, that difference is decreased 
when using weighted criteria. For SAW method, there is a 
significant difference between the alternatives when using 
either equal weights or weighted criteria. In socioeconomic 
comparison, there is a significant difference between AC 
and nZVI for TOPSIS and AHP when using either equal 
weights or weighted criteria especially in TOPSIS. The 

overall comparison indicates that AC is better than nZVI 
for all methods in two scenarios.

A sensitivity analysis is conducted to study the effect 
of the weights of criteria and the type of MCDM method 
used. The results indicate that when using equal weights 
of criteria, AC is better than nZVI by 34%, 31% and 87% 
for TOPSIS, AHP and SAW, respectively. When using 
weight criteria, AC is better than nZVI by 23%, 27% and 
80% for TOPSIS, AHP and SAW, respectively. The vari-
ance in results of methods between using equal or weighted 
criteria is 34%, 13% and 25% for TOPSIS, AHP and SAW, 
respectively as shown in Fig. 8. It is important to mention 
that the results of that approach are limited to the MCDM 
methods used, selected criteria, weights and collected data. 
Therefore, the generated results may be differed if the deci-
sion maker makes changes to these parameters according to 
the required objectives or directions.

6  Conclusion

This study proved that nZVI and AC are effective sorbent 
materials for treating textile industry effluents; however, 
AC showed better removal rates than nZVI for textile 
effluents decontamination. The optimum operating con-
ditions for the reduction of COD, TSS and color from 
real textile wastewater was pH 6, contact time = 20 min, 
dose = 0.8 gm/L, stirring rate = 100 rpm at room tem-
perature, achieving removal efficiency of 78.8%, 76.2% 
and 84% after using AC and 74.7%, 72.6% and 80% after 
using nZVI, respectively. Three MCDM methods (TOP-
SIS, AHP and SAW) are used for evaluation of AC and 
nZVI for textile wastewater treatment based on technical 
and sustainable criteria. Two scenarios are prepared: the 
first for equal weight for all indexes and the second for 

0.34

0.31

0.87

0.00 0.20 0.40 0.60 0.80 1.00

TOPSIS

AHP

SAW

For equal weights

0.23

0.27

0.80

0.00 0.20 0.40 0.60 0.80 1.00

TOPSIS

AHP

SAW

For weighted criteria

34%

13%

25%

0% 10% 20% 30% 40% 50%

TOPSIS

AHP

SAW

Variance due to weight changes

Fig. 8  Analysis of MCDM results



10379Arabian Journal for Science and Engineering (2021) 46:10365–10380 

1 3

weighted criteria using a pairwise comparison method. 
LCA tool is used for environmental impact assessment. 
According to the results of MCDM study, it is concluded 
that AC is better than nZVI in technical, environmen-
tal and socioeconomic aspects as well as in overall rank 
based on the selected criteria and weights. The three 
MCDM methods have similar concluded results taking 
into consideration the difference in nature and methodol-
ogy of each method.
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