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carbon, iron oxides, and nanoparticles has been widely 
investigated. Studies have found that using nano-zero 
valent iron with nano-catalytic metals (Cu, Ni etc.) 
to synthesize bimetallic nanoparticles increases the 
removal of organic pollutants. The current study investi-
gates the adsorption of trichloromethane (TCM) by syn-
thesized Fe/Cu bimetallic nanoparticles. The response 
surface methodology (RSM) was used to investigate the 
effect of independent variables on the removal of TCM. 
According to the CCD results, TCM concentration and 
reaction time were determined as the most effective 
parameters. The lowest TCM concentrations have low 
removal efficiencies, while the lowest TCM concentra-
tion (50  µg/L) can be removed up to 60%. The high-
est TCM concentration can be 500  µg/L to achieve a 
removal below the limits with 500 mg/L Fe/Cu concen-
tration and 24 min of reaction time. Life cycle assess-
ment (LCA) was applied to Fe/Cu nanoparticle synthe-
sis, and results indicated that the highest environmental 
impact was from the mixture of reactant stage.

Keywords  Chloroform · Nanoparticles · Nano-zero 
valent iron · Response surface methodology · Life 
cycle assessment

1  Introduction

Disinfection of drinking water and wastewater with 
chlorine is a common practice worldwide. The prob-
lem is that chlorine can react with the natural organic 

Abstract  Since the early twentieth century, disinfect-
ing water has been an essential process to prevent the 
introduction of harmful organisms, especially patho-
genic organisms. Due to the reaction between anthropo-
genic contaminants present in water and the chemicals 
used to disinfect water, compounds known as disinfec-
tion by-products (DBPs) are formed during the water 
disinfection process. Chlorination, the most dominant 
water disinfection method, produces DBPs that have 
drawn a lot of attention and health concerns. The most 
commonly used removal technology for trichlorometh-
ane (TCM) is adsorption, and the use of activated 
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matter (NOM) present during the disinfection process 
to form damaging disinfection by-products (DBPs) 
(Benítez et al., 2021; Domínguez Henao et al., 2018; 
Ulucan-Altuntas et  al., 2020), chloroform (CHCl3), 
bromodichloromethane (CHCl2Br), dibromochlo-
romethane (CHClBr2), and bromoform (CHBr3) 
(G. da C. Cunha, L.P.C. Romão, M.C. Santos, B.R. 
Araújo, S. Navickiene & V.L. de Pádua, 2010). It has 
been reported in various studies that these by-prod-
ucts formed after chlorination have dangerous and 
carcinogenic effects (Sriboonnak et al., 2021; Zhang 
et al., 2012). Therefore, practical, cost-effective, and 
straightforward technology is required to remove 
these substances from water.

The commonly used, simplest, and least expensive 
technology for removing micropollutants like DBPs 
is adsorption technology (G. da C. Cunha, L.P.C. 
Romão, M.C. Santos, B.R. Araújo, S. Navickiene & 
V.L. de Pádua, 2010; Lu et  al., 2006; Matsui et  al., 
2015). However, adsorption by activated carbon is 
limited in the effective removal of brominated com-
pounds and trihalomethanes (THMs). Hence, with 
the rapid advancement of nanotechnology, iron nano-
particles have recently attracted much attention and 
have emerged as a new class of adsorbent by having 
advantages of high surface area to volume ratio, being 
environmentally friendly, and being cost-effective 
(Tural et al., 2021; Ulucan-Altuntas & Debik, 2018). 
Nanoscale ZVI became the most promising material 
in in situ remediation towards a wide range of organic 
and inorganic contaminants with significant removal 
efficiency (Dong et al., 2016; Kahraman et al., 2022). 
Despite this, practical limitations have been discov-
ered, including poor stability and agglomeration ten-
dency due to magnetic forces and oxide layers forming 
on the surface of nano-zero valent iron (nZVI) that can 
lead to low reaction activity (Ulucan-Altuntas, 2019).

Synthesis of iron-based bimetals by loading 
another transition metal on the surface of nZVI to 
effectively increase the reactivity of nZVI is among 
the topics investigated. The addition of transition 
elements can accelerate the corrosion of nZVI and 
improve the reaction performance. In this sense, 
among the developed approaches to overcome the 
inconveniences and limitations associated with nZVI 
is loading the nZVI surface with another metal (e.g., 
Ni, Pd, Cu) to form bimetallic nanoparticles (BNPs) 
(Venkateshaiah et  al., 2021). In this study, copper 
was chosen because it is cheaper and widely available 

compared to other metals. It is suggested by many 
researchers that the synergistic effect of iron and cop-
per increases removal. Dong et  al. (2022) studied 
sulfamethazine degradation by Fe/Cu nanoparticles 
activated by sulfite and reported that Fe/Cu nano-
particles were superior than nZVI in sulfamethazine 
degradation with sulfite (Dong et  al., 2022). Fe/Cu 
nanoparticles were also used for phenol degradation 
via Fenton-like process (Xia et al., 2022).

Life cycle assessment (LCA) can successfully deter-
mine the environmental impacts of disinfection sys-
tems. Environmental impacts of different categories 
are assessed through LCA, a standardized methodol-
ogy (Bilgili et  al., 2019). In addition, LCA provides 
quantitative information to enable decision-making 
during strategic planning of water reuse in water treat-
ment and disinfection processes (Çetinkaya, 2020).

The overarching objective of this research is to 
examine the adsorption efficiency of Fe/Cu bimetal-
lic nanoparticles for TCMs. The response surface 
methodology was applied to determine the optimum 
adsorption conditions and interactive influences of 
effective parameters (Fe/Cu dosage, initial concentra-
tion, pH, and contact time). Finally, LCA calculations 
were executed to determine the holistic effects of the 
experimental setup.

2 � Material and Methods

2.1 � Experimental Study

TCM adsorption studies by bimetallic Fe/Cu nano-
particles were investigated in 100  mL sample vol-
ume and at a fixed temperature of 20 ºC. All the 
experiments were performed in a shaker (GLF model 
82,362, Turkey), and in order to work at a fixed 
temperature, the shaker was placed in an incubator 
(WTW model TS1006-I, Turkey). The samples were 
shaken at 100 rpm to obtain a homogenous mixing of 
Fe/Cu nanoparticles in aqueous solutions. The adsor-
bent suspension was centrifuged after a determined 
time by the Hettich brand Rotofix 32 A Zentrifugen 
centrifuge. The initial and effluent samples were ana-
lyzed in gas chromatography equipped with an ECD 
detector and a head-space according to standard 
method SM 6232 D. The removal efficiency of TCM 
by bimetallic Fe/Cu nanoparticles was estimated 
using Eq. (1):
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where R (%) is the TCM removal efficiency (%), C0 is 
the initial concentration of TCM (mg/L), and Ce is the 
final concentration of TCM (mg/L).

2.2 � Fe/Cu Bimetallic Nanoparticle Synthesis

Copper-containing iron bimetallic nanoparticles 
(Fe/Cu) were synthesized based on the modified 
nZVI synthesis method (Ulucan-Altuntas and 
Debik 2018; Ulucan-Altuntas and Kuzu, 2019). 
The ratio of copper was optimized in the previous 
study as 5% (Cu:Fe) (Ulucan-Altuntas and Kuzu, 
2019). According to this method, the calculated 
amount of copper nitrate was added to FeSO4 solu-
tion before synthesizing according to Eq.  (2) and 
Eq. (3):

The calculated amount of BH4 was added drop-
wise to the prepared solution with 25 ml/min flow-
rate. The synthesized Fe/Cu bimetallic nanoparti-
cle was examined for particle size with Malvern 
Zetasizer and found 82 nm.

2.3 � Characterization of Nanoparticle

The X-ray diffraction patterns of the synthe-
sized Fe/Cu nanoparticles were studied under 
CuKα radiation operated at 45  kV and 40  mA 
(λ = 1.54060  Å) and scanned for 15–90° (PANa-
lytical X’pert Pro). The scanning electron micros-
copy (SEM) imagining was conducted using Tec-
nai G2 F20 S-TWIN.

(1)R% =
C0 − Ce

C0

× 100

(2)4Fe2+ + BH4 + 2H2O → 4Fe0 + H3BO3 + 7H+

(3)Fe0 + Cu2+ → Fe2+ + Cu0

2.4 � Response Surface Methodology

In an experimental design, it is possible to describe how 
factors (input variables) interact with the change of the 
response variable (dependent variable) as a result of 
these factors. It is a unique method in defining process 
variables by reducing process variables and ensuring 
process optimization. According to the response surface 
methodology, there is three commonly used experi-
mental design methods, and central composite design 
(CCD) is the most commonly used design. This model 
can be expressed with the following equation (Eq. 4):

where Y is the dependent response, Xi is independ-
ent variables, β0 is an intersection, and βi, βii, βii are 
the linear, multiplies, and squares of the independent 
variables’ coefficients, respectively.

The maximum acceptable concentration for 
TCM was limited by 60 μg/L by the World Health 
Organization (WHO) (Xu et  al., 2017). Therefore, 
in the current study, the concentration of TCM 
was selected higher than this limit concentration, 
and 3-factor 5-level CCD was prepared as given in 
Table 1. TCM concentration (x1, 50–550 µg/L), Fe/
Cu concentration (x2, 50–650  mg/L), and reaction 
time (x3, 10–90  min) were selected as independ-
ent variables. The coding of the variables was done 
according to α and selected as ± 2 via Eq. 5:

where is α the coded value, xi and xcp are the original 
value and its center point, respectively, and Δxi is the 
value of the variable change step. One can define the α 

(4)

Y = 𝛽0 +

k
∑

i=1

𝛽iXi +

k
∑

i=1

𝛽iiX
2

i
+
∑

i<j

𝛽ijXiXj + e
(

X1,X2⋯Xk

)

(5)� =
xi − xcp

Δxi

Table 1   Working matrix of 
CCD for TCM adsorption Independent variables

Factors Levels in RSM

Xj α = -2 -1 0 1 α = +2

TCM Concentration (µg/L) x1 50 175 300 425 550

Fe/Cu Concentration (mg/L) x2 50 200 350 500 650

Reaction time (min) x3 10 30 50 70 90
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value as the distance between each axial point and the 
center in CCD. The coded and uncoded values of inde-
pendent variables can be found in Table 1. The experi-
ments were designed in CCD as given in Table 4.

2.5 � Life Cycle Assessment

LCA is an innovative approach used in the holis-
tic assessment of the environmental, economic, 
and social impacts of all product system processes, 
which is a definition for all types of products or 
services used in LCA calculations. The compre-
hensive methodology LCA process is given in ISO 
14044 (Finkbeiner et  al., 2006). LCA calculations 
can determine which process of a product system is 
more effective than others in environmental terms, 
and necessary improvements can be directed to the 
proper process. LCA consists of four sub-processes, 
which are related to each other during all assess-
ments: (1) goal and scope definition, in which the 
system boundaries and functional unit are deter-
mined; (2) inventory analysis, in which the materi-
als and energy consumed are determined precisely; 
(3) impact assessment, in which the impacts of the 
product system are calculated by the help of the 
appropriate method; and (4) interpretation, which 
covers all other sub-processes and is used for the 
final assessment (Hauschild et al., 2017).

SimaPro 9.3.0.2 software and ReCiPe 2016 are 
used for the LCA calculations in this study. In this 
method, global warming; stratospheric ozone deple-
tion; ionizing radiation; ozone formation; fine par-
ticular matter formation; terrestrial acidification; 
freshwater and marine eutrophication; terrestrial, 
freshwater, and marine ecotoxicity; human carcino-
genic toxicity; human non-carcinogenic toxicity; land 
use, mineral, and fossil resource scarcity; and water 
consumption midpoint categories can be calculated 
(Cetinkaya et al., 2022; Çetinkaya et al., 2018).

3 � Results and Discussion

3.1 � Characterization of Synthesized Fe/Cu 
Nanoparticle

Fe/Cu nanoparticles were synthesized with 5% 
ratio of Cu and XRD patterns, SEM imagining 

and nanoparticle size was analyzed. XRD patterns 
revealed peaks at around 44.5° which correspond to 
Fe diffraction, and 35° corresponds to the diffrac-
tion of Cu (Fig. 1) (Shubair et al., 2018; Tabrizian 
et  al., 2019). The weak peaks at 35° and 65° can 
correspond to copper and iron oxide on the sur-
face of the synthesized nanoparticle (Hussain et al., 
2021; Shubair et  al., 2018; Tabrizian et  al., 2019). 
The intensities belonging to Fe and Copper can pro-
vide information on the presence and ratio of met-
als. According to SEM imagining shown in Fig. 2, 
the chain-like morphology of Fe0 changed into an 
irregular shape and has worm shape structure on the 
core shape of Fe0.

3.2 � Life Cycle Assessment Results

The life cycle assessment was calculated for Fe/
Cu nanoparticles synthesized by the borohydride 
method. The flowchart used in LCA is presented in 
Table 1, and the data were calculated for 1.0 kg Fe/Cu 
synthesis. The energy data were taken from Visentin 
et  al. (2021). The comparative results of LCA cal-
culations are presented in Table  2 and Fig.  3. The 
“mixture of reactant” sub-process in Fe/Cu synthesis 
presents the most significant negative environmental 
contribution in midpoint categories. The synthesis is 
based on the reaction of metal salts with borohydride 
solution. This high impact should be related to boro-
hydride solution, as mentioned in a previous study 
by Visentin et  al. (2021). The usage of borohydride 
reagent is the source of more than 87% of the syn-
thesis’ environmental impact (Fig. 3). The washing” 
sub-process is followed with a holistic view. Stirring 
had the least contribution for each midpoint category. 
If washing and filtration are compared, filtration has 
a higher impact on ionizing radiation and freshwater 
eutrophication. The impact of filtration and washing 
was the same for human carcinogenic toxicity. There-
fore, to remove borohydride reagent from the method, 
more greener synthesis should be used (Table 3).

3.3 � Modeling of TCM Adsorption by Synthesized 
Fe/Cu Nanoparticle

The TCM removal efficiencies of the CCD study 
given in Table  4 were used to generate ANOVA 
analysis in Excel. Afterwards, the Design-Expert 
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13.0 program was used to analyze the compatibility 
of the experimental results with the predicted values 
and to interpret them graphically. Finally, the Math-
cad program was used to obtain optimum results. 
The ANOVA results are presented in Table  5. The 
adequacy and statistical significance of the developed 
CCD mode were examined according to the factors 
such as F-test, P value, coefficient of determination 
(R2), adjusted R2, coefficient of variance (CV), and 
sufficient precision (AP). F-test is used to determine 
whether two variances (mean squared regression and 
mean squared residual) are equal. The adequacy of 
the model can be defined if the model has P values 
less than 0.05 (for this study 0.0004) and the lack of 
fit F (for this study 16) values higher than 0.05. The 
CV values less than 10 indicate a high precision and 
reliability of the experimental work performed. The 
CV of this study was determined as 3.79, which sig-
nifies the consistency of the model. In addition, the 
importance of the variables increases as the sum of 
squares value used to evaluate the acceptability of the 
model increases. The regression coefficient (R2) of 
the study was 0.992, and the significance of the study 
was high, with a value of 3.6 E-09. The coefficients in 
Table 5 with lower P values than 0.05 were counted 
for determining whether the parameters were effec-
tive. Equation (6) was prepared according to Table 5, 

where all independent variables (TCM concentration 
(x1), Fe/Cu concentration (x2) and reaction time (x3)) 
were determined as effective:

The Pareto chart demonstrates the effect of inde-
pendent variables on TCM removal. Equation (7) was 
used to prepare the Pareto charts (Fig. 4), where βi is 
the coefficient of the independent variables (Ulucan-
Altuntas et al., 2022):

Pareto charts were prepared based on independ-
ent parameters which are more than 1% effective. 
The Pareto chart can give the idea of which inde-
pendent parameter affects the most, and for our 
study, it was revealed as TCM concentration and 
reaction time. This information can also be gathered 
from Table  5, and the highest coefficient belonged 
to TCM removal, followed by reaction time. In 
addition, the positive coefficient of these parameters 
indicates that they are effecting mainly linearly and 
positively.

(6)
y = 66.45 + 16.21x1 + 3.85x2 + 11.10x3 + 5.00x1x2

− 2.50x2x3 − 1.93x1
2 + 1.43x1

2 − 2.06x3
2

(7)Pi =

�

�2
i

∑

�2
i

�

.100(i ≠ 0)

Fig. 1   XRD pattern of 
synthesized Fe/Cu nano-
particles
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Three-dimensional (3D) response surface graphs 
illustrate the effect of two independent parameters 
factors on TCM removal at the midpoint (α = 0) 
of the other independent parameter not displayed 
on the graph. The surface graphs belonging to the 
combination of two independent parameters can 
be seen in Fig.  4. The TCM concentration lower 
than 175  µg/L (α =  − 1) could not be removed by 

more than 50%, even if the Fe/Cu concentration 
was introduced at the highest studied concentra-
tion (650 mg/L) (Fig. 5a). Xu et al. (2017) studied 
TCM removal by Fe0 and Fe/Al alloy particles, 
and it is reported that nZVI and Fe/Al can remove 
178  µg/L TCM concentration with 17% and 51% 
of removal efficiency, respectively. Synthesizing 
nZVI with a metal results in higher TCM removal. 

Fig. 2   SEM images of synthesized Fe/Cu nanoparticles

Table 2   Flowchart used in LCA for Fe/Cu nanoparticle synthesis (* referenced from (Visentin & A.W. da S. Trentin, A.B. Braun, A. 
Thomé, 2021))

Used Effluents
Mixture of Reactants FeCl 2.74 kg

BH4 3.19 kg

CuSO4 8.03 kg

Water 1.59 m3

Ethanol 95% 0.28 m3

Stirring Energy 0.0675 kWh*

Filtration Energy 0.0105 kWH* Wastewater 1.87 m3

Filter papers 2.00 kg Solid waste 2.00 kg

Washing

Deionized 

water 0.11 m3 Wastewater 0.14 m3

Ethanol 95% 0.03 m3

Drying Fe/Cu 1kg
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As predicted, for the higher TCM concentrations 
than 300  µg/L (α = 0), a higher concentration of 
Fe/Cu was required for higher removal efficien-
cies. As noted in the Pareto chart previously, TCM 
concentration and reaction time affected linearly; 
the lowest reaction time resulted in low removal 

efficiencies (Fig.  5b). For the lowest TCM concen-
tration (50 µg/L, α =  − 2), the highest removal effi-
ciency can be up to 40% by using 650 mg/L Fe/Cu 
nanoparticle and the highest reaction time (90 min, 
α = 2). Wang et al. (2012) also stated that a reaction 
time greater than 48 h was required to remove total 

Fig. 3   Comparative results of midpoint categories

Table 3   Results of 
midpoint categories

Mixing Stirring Filtration Washing Unit

Global warming 238.1 0.04 9.4 20.8 kg CO2 eq
Stratospheric ozone depletion 0.0013 1.31E-08 5.15E-06 0.0001 kg CFC11 eq
Ionizing radiation 11.6 0.0003 0.8 0.5 kBq Co-60 eq
Ozone formation 0.8 9.78E-05 0.04 0.05 kg NOx eq
Fine particulate matter formation 0.9 0.0003 0.02 0.04 kg PM2.5 eq
Terrestrial acidification 2.8 0.0002 0.03 0.1 kg NOx eq
Freshwater eutrophication 0.2 4.43E-05 0.007 0.006 kg P eq
Marine eutrophication 0.2 2.77E-06 0.003 0.02 kg N eq
Terrestrial ecotoxicity 11,362.2 0.03 20.3 57.8 kg 1,4-DCB
Freshwater ecotoxicity 127.7 0.002 0.3 0.4 kg 1,4-DCB
Marine ecotoxicity 163.1 0.002 0.4 0.5 kg 1,4-DCB
Human carcinogenic toxicity 19.6 0.003 0.5 0.5 kg 1,4-DCB
Human non-carcinogenic toxicity 1970.1 0.05 9.8 18.2 kg 1,4-DCB
Land use 257.6 0.0004 2.2 26.1 m2a crop eq
Mineral resource scarcity 6.1 1.86E-05 0.03 0.05 kg Cu eq
Fossil resource scarcity 47.1 0.01 2.5 3.8 kg oil eq
Water consumption 29.5 0.0003  − 1.7 2.9 m3
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TCM by a composite of nZVI and activated carbon. 
Lu et  al. (2006) reported that the adsorption equi-
librium for TCM was reached at 150 min with car-
bon nanotubes. Figure 5c implies that reaction time 
is more effective in TCM removal than Fe/Cu con-
centration. In addition, the studies with low Fe/Cu 
nanoparticles require more reaction time to remove 
TCM (Fig.  5c). When the reaction time is high as 

50 min, the effect of Fe/Cu concentration observed 
as less important; however, for the low reaction 
times, more Fe/Cu nanoparticle was required. In a 
study of Xu et  al. (2017) , the reaction mechanism 
by nZVI was proposed as not only adsorption but 
also degradation by losing Cl bond (8). The degra-
dation by Fe/Cu bimetallic nanoparticles was con-
sidered as the same with Fe0:

Table 4   CCD runs for 
TCM adsorption

Codded values TCM removal efficiency

Runs TCM Conc Fe/Cu Conc Reaction time Actual values Predicted values

x1 x2 x3 y

1  − 1  − 1  − 1 31.88 34.16
2 1  − 1  − 1 56.45 58.75
3  − 1 1  − 1 31.3 36.84
4 1 1  − 1 62.9 81.44
5  − 1  − 1 1 63.88 63.51
6 1  − 1 1 83.12 83.76
7  − 1 1 1 55.33 56.21
8 1 1 1 95.57 96.47
9  − 2 0 0 27.39 26.31
10 2 0 0 98.26 91.16
11 0  − 2 0 65.33 64.50
12 0 2 0 92.23 79.89
13 0 0  − 2 39.74 36.00
14 0 0 2 79.82 80.38
15 0 0 0 67.17 66.45
16 0 0 0 66.98 66.45
17 0 0 0 66.75 66.45
18 0 0 0 67.1 66.45
19 0 0 0 67.05 66.45
20 0 0 0 66.8 66.45

Table 5   ANOVA results of 
CCD for TCM adsorption

Coefficient Standard error P values Importance

Intersection 66.45 0.972 1.1E-14
x1 16.21 0.610 1.3E-10 Very significant
x2 3.85 0.610 8.75E-05 Very significant
x3 11.10 0.610 5.37E-09 Very significant
x1 x2 5.00 0.862 1.7 E-4 Very significant
x1 x3  − 1.09 0.862 0.236 -
x2 x3  − 2.50 0.862 0.016 Significant
x1

2  − 1.93 0.486 0.003 Significant
x2

2 1.43 0.486 0.014 Significant
x3

2  − 2.06 0.486 0.002 Significant
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Dichloromethane was only observed in the stud-
ies with 50  min of reaction time (α = 0). Su et  al. 
(2021) reported that dichloromethane was observed 
in removing carbon tetrachloride by Ni-doped nZVI 
with magnetic Fe3O4 after 35 min. The higher reac-
tion time detected in this study can be explained as 
the experiments conducted at 30  min and 50  min 
of reaction time. However, it was not possible to 
observe for a study at a lower reaction time than 
50  min. Another reason can be the low studied 
TCM concentration.

The model’s accuracy can be defined with the 
confidence interval (Ulucan-Altuntas & Debik, 
2020), which can be calculated via Eq. (9):

where CI is the confidence interval, the mean 
expressed by x , the confidence level value expressed 
by z, standard deviation expressed by s, and the 
number of samples defined as n. The value of z was 
selected as 1.96 (confidence level was 95%). CI 
was calculated as ± 3.0. The optimum removal effi-
ciency was obtained by 50 min of reaction time and 
500  mg/L Fe/Cu concentration for 500  µg/L. The 
reaction time which requires to achieve a concen-
tration lower than 60 µg/L can be 24 min by having 
88.3 ± 3.0% removal efficiency. To better present the 
effect of Fe/Cu concentration for 500 µg/L TCM con-
centration, the kinetic studies were conducted to cal-
culate kt values based on Eq. (10):

(8)Fe0 + RCl + H+
→ Fe2+ + RH + Cl−

(9)CI = x ± z
S
√

n

where C0 is the initial TCM concentration (µg/L), 
C is the TCM concentrations at effluent (µg/L) at t 
time (min), and kt is the constant of pseudo-first-order 
(min−1). The calculated kinetic values were given in 
Fig. 6. The regression coefficient (R2) of kt of 100 mg/L, 
200  mg/L, 400  mg/L, and 500  mg/L of Fe/Cu nano-
particles was 0.97, 0.95, 0.95, and 0.98, respectively. 
The highest kt value was 0.133  min−1, belonging to 
500  mg/L of Fe/Cu concentration. Total removal can 
be obtained for 50 min, 70 min for 400, and 500 mg/L, 
while more than 90 min was required for higher removal 
rates for Fe/Cu concentration lower than 200  mg/L 
(Fig. 5). This increase in the removal efficiencies can be 
attributed to the increment of active sites when the Fe/
Cu concentration is higher (Su et al., 2021).

4 � Conclusion

In the present study, Fe/Cu bimetallic nanoparticles 
have been successfully prepared based on the modi-
fied nZVI synthesis method and were used to remove 
TCM from aqueous solution. RSM with CDD proved 
to be a powerful tool for optimizing the operational 
conditions of TCM removal efficiency using Fe/
Cu. The model was statistically significant at 95% 
confidence level. RSM revealed that the most effec-
tive factor on the removal of TCM was TCM con-
centration > reaction time. The optimum adsorption 
conditions were TCM concentration (500  µg/L), Fe/
Cu concentration (500  mg/L), and reaction time 
(50 min). The reaction time can be lowered through 
synthesizing bimetallic nanoparticles as supported 
on a low-cost adsorbent (i.e., activated carbon), and 
this will let the process be available for column tests. 
LCA was applied to determine the impacts on mid-
point environmental categories. The highest impact 
occurred through the stage of “mixture of reagents.” 
The reason is regarded as the usage of borohydride 
reagent. More greener synthesis method without 
using borohydride should be used.
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(10)C = C0 ∙ exp(−kt ⋅ t)

Fig. 4   Pareto chart for TCM removal by Fe/Cu nanoparticles
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Fig. 5   Effects of Fe/Cu concentration  and TCM concentra-
tion  on TCM Removal efficiency (Reaction time is 50 min). 
(b) Effects of reaction time and TCM concentration on TCM 
Removal efficiency (Fe/Cu concentration is 350 mg/L). (c) 
Effect of reaction time and Fe/Cu concentration on TCM 
removal efficiency (TCM Concentration is 300 µg/L)
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