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Abstract

Increasing pressure to the environment due to huawivities manifests the necessity of
applying new approaches to determine the enviroteth@npact of a new product before scale-
up. Nanoadsorbents as an emerging product andcaakpeplication of nanomaterial play an
important role in the control and removal of enaimeental pollutants. This application is still an
emerging technology at the early stages of devedmpnHence, the heart of this study enables
an environmental assessment of nanoadsorbents asmarging product. In addition, the
environmental impacts of synthesized adsorbenisdimy cumulative energy demand, climate
change, water use, human toxicity, and ecotoxiany investigated by a stepwise procedure
during their synthesis processes, regarding theferial to remove mercury from polluted
water. Accordingly, characterization results show#wht although the process of the
functionalization of nanoadsorbents leads to theremse of the adsorption capacity of
nanoadsorbents, it is also paired with a significanhancement of negative environmental
impacts. The results of t-test comparing the créolese life cycle impacts of studied impact
categories for 1 kg Hg removal between MGO-NH-SHI &g0,@SiO-NH-SH estimated
approximately 37, 34, 40, 31, and 26% more for atenchange, water use, cumulative energy
demand, human toxicity, and ecotoxicity, respetyivier the latter. Hence, according to the
results, F€O,@ SiO-NH-SH revealed the larger environmental imp&am the same functional
unit, 1 kg Hg removal, compared with MGO-NH-SH. &g, not only does this study represents
the LCA of two different kinds of mercury adsorkgnbut it also provides a guideline for

determining the environmental impacts of similan@edsorbents.
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1. Introduction

The presence of various pollutants (e.g. toxic Irietes) in water and wastewater causes serious
environmental concerns (Cui et al., 2015b; Gud.ef814a). One of these is mercury which is a
hazardous and pervasive environmental pollutant €Cal., 2015a; Hadavifar et al., 2014). This
is for example seen in Japan where many peopleeipast decades have been adversely affected
and thousands of people have died of Minamata sksemused by a chemical plant’s release of
wastewater containing elevated levels of mercujupon (Graeme and Pollack, 1998; Igata,
1994). Elevated mercury levels in the environmentaused by a variety of anthropogenic
sources, including coal combustion in power placiégr-alkali production, alumina production

from bauxite, oil refining, and mercury emissiobsagboya et al., 2015; Hadavifar et al., 2014).

In aqueous systems, mercury can be present in pmeoce different oxidation states: Hg
(metallic), Hg** (mercurous), and Hg (mercuric). The solubility of different compound$
mercury differ greatly in water. Solubility in watecreases in the following order: elemental
mercury < mercurous chloride < methylmercury clider< mercuric chloride (Boening, 2000;
O'Driscoll et al., 2005; S. Zhang et al., 2013). émgy mercury species, it is largely Highat can
react with various organic compounds in water aedinsent by biotic reactions mediated by
sulfur-reducing bacteria, and abiotic reactions iated by sunlight photolysis, resulting in
conversion into organic mercury compounds, suchmethylmercury (MeHg). MeHg is known
as a bioaccumulative and toxic substance for huraadsthe environment. For example, when
ingested into the human body, it undergoes oxidadiod reduction reactions, which transforms
it into bivalent inorganic mercury. When MeHg ungises these reactions, oxygen radicals are
released, causing extensive injury to cells byatitig the chain of lipid peroxidation in the cell

membrane. In addition, it has been confirmed thaHil has high fat solubility; hence, it is



especially toxic to the organs of the body thatehawhigh fat content (Boening, 2000; Graeme
and Pollack, 1998; Hadavifar et al., 2014; O'Driset al., 2005; Shen et al., 2014; Starvin and
Rao, 2004; S. Zhang et al., 2013). Therefore, ngr@dl) was selected in this study to examine

its removal from wastewater and polluted water.

Methods including reverse osmosis, biological tre;its, chemical precipitation, ion exchange,
coagulation, electrochemical treatment, and adsorgtave been utilized to remove metal ions
and other pollutants from water before discharde the environment (Hadavifar et al., 2016;
Oehmen et al.,, 2014; H. Wang et al., 2011). Mosthelse methods are inefficient and not
suitable considering environment and economy, @adrly for wastewater with only trace
amounts of mercury. Hence, developing differenicedht technologies for removing Hg(ll) and
other pollutants is essential. With increasinghycstenvironmental regulations on the release of
pollutants and growing demands for clean water whth lowest levels of pollutants, extensive
attention by researchers has been paid to produeingadsorbents for removing pollutants from
water and wastewater (Li et al., 2011; Pan eél12) and the use of nanoadsorbents to remove
mercury (II) from water and wastewater has receiwemsiderable attention in chemical
engineering and environmental science (Cui et28l15b; Hadavifar et al., 2016; Lopes et al.,
2014; S. Zhang et al., 2013). To increase the ptisarrate and selectivity of adsorbents, they
are organized into different functional groups (emine, thiol, ...) (Ke et al., 2011, Li et al.,
2011; Ma et al., 2016; Monier, 2012; Pan et al120Although nanoadsorbents are still in early
stages of technological development, further dgweknt of them is expected to soon advance.
However, each new material or development hasvits negative and positive environmental
impacts in production, use, and disposal. For exanipis illogical to use a nanoadsorbent for

pollutant removal if its production demands largeoants of energy and water, and other



pollutants are emitted into the air, soil, and watentributing to e.g. climate change, ecotoxicity,

and human toxicity.

As we know, each development starts with an idesdd to research and lab work, progresses to
publication of scientific papers, is followed bynddandustrial pilots, and finally, industrial
development will occur. Accordingly, assessing #myironmental impacts already during the
initial stages of development can help identify gmdtal trade-offs and possibly leads to
development of more sustainable nanoadsorbents feitker negative environmental impacts.
Life cycle assessment (LCA) of different nanomaieri(e.g. nanoadsorbents) enables a
prospective approach to assessment of environmiempaicts of products and their uses at early
stages of technological development (Arvidsson.eP@14; Gavankar et al., 2015; Hischier and
Walser, 2012). Hence, assessing the environmentedts of each product at the first stages of
development is essential for identification and ensthnding of negative environmental impacts
at different stages of production, use, and didpasal avoidance of these by changing or
modifying these stages. Unfortunately, environmenmtpgacts of nanoadsorbents’ production are
hardly ever found in the literature. Hence, thisidgt investigates for the first time the

environmental impacts of nanoadsorbents’ produciiwh functionalization.

We study the environmental impacts in the producaod use stages of two nanoadsorbents
with graphene-based andsBPg-based composites, which function with a similaoltigroup for
Hg(ll) removal. Graphene-based andg®g£based composite nanoadsorbents are recognized for
their high efficiency in removing environmental jppants (Ai et al., 2011; Cui et al., 2015a;
Dubey et al., 2015; Guo et al., 2014b; Liu et a8D11). Graphene-based nanoadsorbents,

especially if they possess magnetic properties, B&d,-based nanoadsorbents, with their



magnetic properties, can easily be separated framernand wastewater solution, and can be

repeatedly reused (Ai et al., 2011; C. Wang e®8l11; Wang et al., 2015; Yu et al., 2015).

2. Materials and methods

2.1. Goal and scope of the study

This study compares the environmental impacts efftimctionalization of the GO-based and
Fe;04-based composites for the removal of 1 kg Hg(b)rirpolluted water. Nanoadsorbents are
in early stages of technological development in [di®ratory; therefore, the investigation of
environmental impacts in their production and uszges is still highly uncertain. Hence,

sensitivity analysis will be employed to determihese uncertainties for scale-up production.

LCA of nanostructure products and their applicaiarelatively new (Healy et al., 2008; Kim
and Fthenakis, 2013; Klopffer et al., 2007). Thigly is an LCA of nanoadsorbents as a special
application of nanomaterials for the removal oflgaints from the environment. The LCA is
attributional, with prospective analysis of emeggand immature products, similar to the studies
by Walser et al. (2011), Healy et al. (2008), angidsson et al. (2015 and 2014) albeit with
different system boundaries. As mentioned abowenhin goal of the study is to assess cradle-
to-use life cycle impacts of thiol-functionalized agnetic graphene oxide, and
superparamagnetic ¥&,@Si0,, for application in water and wastewater treatm&mce the
produced adsorbents have different adsorption dagmche functional unit was determined to
be 1 kg Hg removal of pollutant water. In enviromta¢ evaluations, total adsorption capacity
for both nanoadsorbents was calculated based adsorption-desorption cycle of more than
90% (Cui et al., 2015b; Hadavifar et al., 2014)bl€al of Supporting Information (SI) presents

the adsorption capacities and number of adsorptesorption cycles (more than 90%) for each



adsorbent. Fig. 1 shows the scope and system boesd# the stepwise procedure of both

synthesized adsorbents that were functionalizedh waitsimilar thiol functional group (N-

acetylcysteine).
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Fig. 1. Flowchart describing the cradle-to-use life cycle amlsorbents production, thiol-
functionalized magnetic graphene oxide, and supanpagnetic FHO,@SiOQ, for 1 kg Hg
removal of polluted water, respectively.



2.2. Lifecycleinventory

Life cycle inventory (LCI) analysis is the seconldape in an LCA study. The LCI is the data
collection portion of all recognized inputs/outptsor from the system boundary (Rajaeifar et
al., 2016). On this basis, our laboratory experitmeprovided the process data for assessing
cradle-to-use life cycle impacts of the producedoadents. Sections 1 and 2 of Sl detail the
synthetization of both adsorbents. Inputs and datpueach stage were converted to the scale of
1 kg Hg(ll) removal. Tables 1 and 2 present trediycle inventory for generating final products,
including MGO-NH-SH and R©,@SiO-NH-SH, based on 1 kg Hg(ll) removal. Tableand 3

in Sl display the LCI data for producing GO, MGO,G@-NH,, and FgO,;, FeO,@Si0O,
FeO,@SiO-NH for 1 kg Hg(ll) removal. The Ecoinvent 3.2. datsdawvas the source of
inventory data for all input materials and enengythis study; however, there were no data for
APTMS, DCC, NHS, or N-AC in this database or elsesgh Consequently,
hexamethyldisilazane from the ecoinvent databaseusad as proxy data for APTMS. Lacking
production data for DCC, NHS, and N-AC, their protion was modeled in detail based on the
stoichiometric formula (see Section 3 in Sl). Hiedly was the predominant source of energy
used in the lab experiments, mainly for heating @maling. The inventory of electricity use was

gained from the Ecoinvent 3.2. database, basetdebaléctricity mix produced in Iran.



Tablel

The synthesis process and inventdaya of MGO-NH-SH for 1 kg Hg removal from pollutan

water

Production stage

Synthesis process for graphite o; CAS Numbe Amount use
I nput Graphite 778242-5 0.25 k¢
NaNGC; 7631-99-4 0.17 k¢
H,SC, 766£-93-9 9.971L
H,0, 7722-84-1 2.49 L
HCI 7647-01-0 11.221
Watel 1520 L
Electricity 382.93 kwi
~ 7 T ouput = Graphiteoxid T T 0225k
Synthesis process for MC Graphite oxid 0.225 k¢
I nput FeC;.6H,0 10025-77-1 1.21 k¢
FeC,.4H,0 1347¢10-9 0.44 k¢
NH,OH 133€-21-6 33.671L
Ethano 64-17-5 56.13 L
Watel 1347.28 |
Electricity 1670.63 kW
~ " output Mo~ — ~ ~ T~ T~ T~ T T 7 073k
Synthesis process for MG-NH2 MGO 0.7
I nput EDA 107-15-3 1.821L
NHS 606€-82-6 0.25 k¢
DCC 53€E-75-0 0.42 k¢
Ethano 64-17-5 729.57 |
Electricity 1167.32 kW
~ T 7 Touput T~ T T 7 MGONH2 ~— — — — T T T T T 079k~
Synthesis process for MC-NH- MGO-NH, 0.79 k¢
SH
I nput Acetylcystein 61€-91-1 0.33 k¢
Methano 67-56-1 198.851
NHS 606€-82-6 0.28 k¢
DCC 53€E-75-0 0.45 k¢
Ethano 64-17-5 795.26 |
Electricity 1273.80 kW!
T 7 Touput T T MGONHsSH ~ ~ ~— — = 7 7 7 083k
Use stage
I nput MGO-NH-SH 0.83 k¢
HCI 7647-01-0 13.181
Watel 236 L
Electricity 263.54 kwi
~ 7 7 T ouput " Hg(hremova T T kg




Table2

The synthesis process and inventdaya of FeO,@ SiO-NH-SH for 1 kg Hg removal of

pollutant water

Production stage
Synthesis process for ;:0,@SiC,

CAS Numbe  Amount use
Input FeC;.6H,0O 10025-77-1 0.89 k¢
FeC,.4H,0O 1347¢-1C-9 0.43 k¢
NH,OH 133¢-21-6 8.60 L
TEOS 78-10-4 4.30
Ethano 64-17-5 275.16 1
Watel 343.951
Electricity 485.92 kWi
~ 7 " T ouput T T T Fe0.@SiC, 170 ke
Synthesis process for ;:0,@ SiC-NH, Fe;0,@SiC, 1.70 k¢
I nput APTMS 13822-56-5 1.641L
Toluene for synthesis 108-88-3 84.341
Toluene for washing 108-88-3  202.43 1
Electricity 5076.9¢
_________________________ kwh_~_
Output Fe0,@ SiC-NH, 1.85 k¢
Synthesis process for ;:0,@ SiC-NH-SH Fe;sO,@SiC-NH, 1.85 k¢
I nput Methanol 67-56-1 467.78 |
NHS 606€-82-6 0.65 k¢
DCC 53€E-75-0 1.07 k¢
Acetylcysteine 616-91-1 0.76 k¢
Ethano 64-17-5 1859.151
Electricity 2974.64
_________________________ kwh_—_
Output Fe;0,@SiC-NH-SH 1.98 k¢
Use stage
I nput Fe;0,@SiC-NH-SH 1.98 k¢
HNO; 7697-37-2 41.58 L
Watel 255.42 1
Electricity 313.63 kwi
- T T T ButEut _______ HE(II)_rerFovE ot 0 =" l_kg_ -

2.3. Impact Categories

LCI results may be allocated to environmental nmatté concern through impact categories. In

this study, four common impact categories (wateg, usumulative energy demand, human



toxicity, and ecotoxicity) were investigated simijato other studied such as Arvidsson et al.
(2014). These four impact categories represenfdaoge extent non-overlapping impact and they
are relevant since high volumes and amount of waigds, and other organic and inorganic
materials were used in production processes of hatioadsorbents. Climate change was studied
as one of the more common impact categories in L®Acause the two compared
nanoadsorbents use high values of electricity énpitoduction processes. Water use consider the
water used during production and use stages of &dgbrbents in foreground and background
systems. Cumulative energy demand in foregroundbacsiground systems in LCA may change
fundamentally upon maturation of products. Nevdett®e we investigated total cumulative
energy demand (including; all of renewable and Remewable energy, and as well direct and
indirect), measured in MJ, as a key impact category, which can correlate vather
environmental impacts (Arvidsson et al., 2015; Higgts et al., 2006; M. A. J. Huijbregts et al.,
2010). The influence of this assumption, especialyput electricity use in the foreground
system, was examined through sensitivity analySignate change is an another important
global environmental issue (Change, 2013). The adtarization factor of climate change is
expressed as Global Warming Potential (GWP). Ia $iudy, a time horizon of 100 years was
investigated (Arvidsson et al., 2015; Healy et aD08; Kim and Fthenakis, 2013). Human
toxicity and ecotoxicity include all used substa)aghemicals, and their emissions that are toxic

to humans and the environment (Arvidsson et all420

Water uses and climate change impact categories meestigated based on impact assessment
from the ReCiPe midpoint method. The indicatorses&uated in reference units, i.e. kilograms
of CO, equivalents (eq) per year for GWP and cubic métatsfor water use (Goedkoop et al.,

2008). The cumulative energy demand (CED) method wsed for calculating cumulative



energy demand, expressed in MJ (Frischknecht gf@07). Human toxicity and ecotoxicity
impact categories were operationalized by the USEtonodel (Hauschild et al., 2008;
Rosenbaum et al., 2008). In the USEtmmodel, the unit of the characterization factorffaman
toxicity is cases kg emission and for ecotoxicity PAFrday kg emission both summarized as
Comparative Toxic Unit (CTU) to stress the comgaeahature of the characterization factors,
through a subscript “h” and “e” to show human tityicand ecotoxicity, respectively (M.

Huijbregts et al., 2010).
2.4. Senditivity and Statistical Analyses

Regarding production and application of immaturedpicts, uncertainty exists about their
environmental impacts in early stages of technocllgdevelopment. “What-if” sensitivity
analysis can consider how variations in differepiut parameters @XX», ..., Xn) can affect the
output and result (y) (Pianosi et al., 2016). Tfaee to assess these uncertainties from a “what-
if” perspective, parameters including acid (HCI ¥S), ammonia, ethanol, methanol, DCC,
NHS, water recovery, and electricity were considebased on functional unit 1 kg Hg(ll)

removal for both adsorbents.

All laboratory experiments were carried out in lidate for each condition and repeated at least
twice. The Shapiro-Wilk test investigated normalbiigtributions of data. One-way analysis of
variance (ANOVA) and Duncan tests were used to @mghe environmental impacts of
functionalized GO-based and ;BEg-based composites for 1 kg Hg(ll) removal from ptat
water. A t-test was performed to determine any iBgamnt differences between the
environmental impacts of MGO-NH-SH and;6e@ SiO-NH-SH for 1 kg Hg removal. Analyses
of mean differences between all included impactegaties in the MGO-NH-SH and

Fe;0,@SiO-NH-SH were considered by the independentttines significant difference (sig <



0.05). All statistical analyses were carried osing SPSS 17.0 and Excel 2007. Significance

level for all tests was set at 0.05.
3. Results and Discussion
3.1. Effect of functionalized GO and Fe;O4

Table 3 presents results of comparing cradle-toiisecycle impacts of Hg(ll) removal by
functionalized GO-based and sBa-based composites. In Table 3, the results of ANCAM
Duncan tests display significant differences betweidferent stages in both adsorbents for 1 kg
Hg(ll) removal in all five impact categories inclag climate change, water use, cumulative
energy demand, human toxicity, and ecotoxicity.UReshowed that functionalization increases
capacity adsorption for both adsorbents (see Takte SI). However, for all included impact
categories in both adsorbents except water us®©hb&sed, the functionalization increases them
for 1 kg Hg(ll) removal. The results suggest tha tnvironmental impacts of both studied

adsorbents increase during functionalization, despe increase in their adsorption capacity.

Table3
Comparison and effect of functionalizing on impeategories studied based on 1 kg Hg removal

Material Climatechange Water use Cumulative Human toxicity Ecotoxicity
kg CO; o M3 energy demand CTU, CTUe
MJ

GO 5093.3+2788 47.3+27  08896.2+4602.4  9.37E-07 +4.35E-08 88+0.4°

MGO 78525+2735 376+16 1339985+4662.8 9.01E-07+3.14E-08 109+0F
MGO-NH, 7567.8+130.0 37.1+06° 143842.8+24553 115E-06+192E-08 59.7+0.9
MGO-NH-SH 70242+1205  365+06  147837.0+25438 128E-06+219E-f8 817+14

Material

FesO4 1990.6+67.7  11.2+03F  47663.1+1619.8  154E-07+526E-089 2.8+0.0°

Fe;0,@S0; 2486.9+119.6  20.1+0.9  602359+2858.0 1.89E-07+9.25E-00 4.0+0.1°
Fe0.@S0-NH,  g7416+2515 385+1.1° 167047.7+48103 837E-07+240E-08 11.1:03
Fe&0,@SO-NH-SH  11007.2+1132 56.1+05  243784.1+24337 1.83E-06+1.88E-08 109.9 +1.d

NOTE: Different letters (e.g. a, b, ¢, and d) indicatgnficant differences between different stagesl similar

letters (e.g. a and a)ndicate non-significant differences between different sggtP<0.05 as determined by



ANOVA followed by a multiple range test (Duncanheldecrease of values for the applied abbreviatems a, b,

¢, and d) are followed as: a>b>c>d.

3.2. Comparison between M GO-NH-SH and Fe;0,@SiO-NH-SH

Fig. 2 depicts the results of t-test comparing ¢hadle-to-use life cycle impacts of studied
impact categories for 1 kg Hg removal between MGB-8H and FgO,@SiO-NH-SH. The
results indicated that the average values of cénatange, water use, cumulative energy
demand, human toxicity, and ecotoxicity in MGO-NH-8nd FgO,@SiO-NH-SH were in the
ranges of 7024.2 and 11007.2 kg £& 36.5 and 56.1 K] 147837.0 and 243784.1, 1.28E-06
and 1.83E-06 CTk) and 81.7 and 109.9 CTUrespectively. In total, E®,@SiO-NH-SH is
higher in all five impact categories than MGO-NH-&H 1 kg Hg removal; approximately 37,
34, 40, 31, and 26% more climate change, water agmulative energy demand, human
toxicity, and ecotoxicity, respectively. All ressillof impact categories indicated that MGO-NH-
SH is more environmentally friendly adsorbent theeO,@SiO-NH-SH for 1 kg Hg(ll)

removal.
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Fig. 2. Comparison of studied impact categories for 1 kgétgoval between MGO-NH-SH and
Fe;0,@SiO-NH-SH;A: Climate change potentiaB: Water use, CCumulative energy demanb:
Human toxicity, and E: Ecotoxicity.

According to Figs 3 and 4, the results for climateange potential are similar for both
adsorbents. Based on these results, the main $aaff@cting climate change potential for MGO-
NH-SH and FgO,@SiO-NH-SH are use of electricity for heating amadlmg (58 and 71%) in
the synthesis process, similarly to that describetie study of Pini at al.,(Pini et al., 2015) and
the input of chemical ethanol for washing (21 aBb%) in the production stage. Additionally,
DCM as a solvent in functionalization with an amgreup (EDA) contributes with 12% to the
climate change in MGO-NH-SH. The contributions tfey materials for both adsorbents in total
are less than 10%. Therefore, a reduction of ethdd@GM, and energy used can decrease

climate change significantly. These scenariosestet in sensitivity analysis.

Regarding water use for both adsorbents, the usthahol for washing during the production
stage of both adsorbents is the main use of wetteafly owing to water use in the production of
ethylene and subsequently ethanol. Electricity petion is the next contributor to water use.
Fig.s 3 and 4 show that using toluene i@ SiO-NH-SH production and DCC in production
of both adsorbents has a significant impact on mage for adsorbents. The effect of electricity
decrease, ethanol, toluene, water, and DCC recceryfurther investigated in the sensitivity

analysis scenarios.
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Fig. 3. The results of all impact categories separatety M&O-NH-SH based on 1 kg Hg
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toxicity, and E: Ecotoxicity. NOTEthe length of the dotted line show effect of evergut on

different impact categories.

The results of cumulative energy demand for bosoduknts are similar to those of the climate
change potential. Cumulative energy demand (apprataly 50%) is the use of electricity (for

heating, cooling, and sonication) in the productgiage. Producing chemical ethanol as a



solvent for washing in the production stage of MGB&-SH and FgO,@SiO-NH-SH

contributes with 39 and 32% of the cumulative epetgmand, respectively. The effects of other

materials are less than 15% in total. Consumptioanergy is so different on laboratory and

industrial scales that a 95% decline in electrickyysumption was investigated as a scenario in

the sensitivity analysis. The results of study Géea et al. (2015) on scaled-up of carbon

nanotube production showed that scaling up andyataxh volume could reduce 84% to 94% of

its cradle-to-gate impacts.
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The main contributor to human toxicity and ecotayi®as been the use of DCC as a coupling
reagent in the production of both adsorbents. imdmutoxicity, the main contributor is pyridine,
used in production of cyclohexyl isocyanide andysaguently, DCC in the production of both
adsorbents. Electricity use also has a high effachuman toxicity for studied adsorbents. In
ecotoxicity, the main contributor is the use ofdium in the production of cyclohexylamine and
then of using cyclohexylamine in the productionNstyclohexyl formamide, and as well as
using pyridine in the production of cyclohexyl igaaide and subsequently DCC for production
of both adsorbents. (See DCC production in Sl) IAREC, the use of methanol in the thiol-
functionalization stage has higher impact then roilyguts on ecotoxicity. The potential effect of
reducing these highly-used materials and energw assults of scale-up, is investigated in
scenarios including DCC and methanol recovery, aledtricity reduction in the sensitivity

analysis.

3.3. Sengitivity analysis



Adsorbents, specifically nanoadsorbents, play mpoitant role in water and wastewater
treatment, and their production is still primardy/laboratory scale (Cui et al., 2015b; W. Zhang
et al., 2013). Clearly, laboratory scale and indaktcale differ, particularly in term of LC
(Arvidsson et al., 2015; Gavankar et al., 2015; Kand Fthenakis, 2013). Hence, sensitivity
analysis can be important in assessing uncertamtgnvironmental impacts for scale-up
production. Furthermore, understanding the maintrimrting processes in industrial-scale
production can reduce the number of unknown enuiemtal impacts (Arvidsson et al., 2014).
The parameters investigated in sensitivity analf@dMGO-NH-SH included recovery of water
used for washing in the production stage and réaluaif electricity use (0-95%), and as well
acid (HCl + HSOy), ammonia, ethanol, methanol, DCC, and NHS rego\{6+90%). For
Fe;0,@SiO-NH-SH, the parameters included water recoaad/reduction of electricity use (0—
95%) and ammonia, ethanol, methanol, toluene, DACNHS recovery (0-90%), see the Fig. 5

and 6, and Table S.7 and S.8.

As the results of sensitivity analysis in Figs % &show, recovery of water directly used as a
washing agent during the productions process df bdsorbents does not create a considerable
change in the studied impact categories; only dlsshange (almost 7%) was calculated in the

water use impact category of MGO-NH-SH.

As expressed above, due to the difference betwieetrieity used in the laboratory and on an
industrial scale (Kim and Overcash, 2003), the lr@sacenario’s reduction of electricity use by
95% reduces all impact categories between 30 to, ®3%ept ecotoxicity (less than 8%). The
slight decrease in ecotoxicity is mostly due to dovemissions of phenol during production of
electricity in fossil fuel power plants. This ressliggests that the decrease in electricity used by

fossil fuel power plants can reduce all studiedaotpcategories on an industrial scale; clearly,



using green electricity in industry may reducdratluded impact categories in this study, as well

as those not included.

Recovery of 90% of the acids used in the graphitdation process via the Hummer method for
MGO-NH-SH production showed that all five impactegories studied scarcely ever change
(Fig. 5). However, the study of Arvidsson et al012) on LCA of 1 kg graphite oxide
production by the Hummer method demonstrated tB8&& @cid recovery reduces water use by
almost two-thirds. But, consistent with our studyey saw no significant change on other
impacts (cumulative energy demand, human and edaityg (Arvidsson et al., 2014). The
difference in water use between this study andshaay be caused by less use of acid in the
production of MGO-NH-SH due to difference betweendtional unit of this study ‘1 kg Hg
removal’ and theirs ‘1 kg graphite oxide productiofcid recovery is very important on an
industrial scale, because it can positively affaany other environmental impacts (Arvidsson et
al., 2014; Uihlein and Schebek, 2009). Recovergrmmonia that as a precipitating agent in co-
precipitation method in magnetization of adsorbgpitsy a vital role, is important as well.
Hence, while 90% recovery was investigated for badlsorbents, all five impact categories
scarcely changed; only a minor change was obseofadimost 4% less water use for MGO-NH-

SH than for the baseline (Figs. 5 and 6).
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Fig. 5. The results of the sensitivity analysis for MGO-$H, showing the importance of the
single scenarios for the reduction of each impatggory inpercentage

As Figs. 5 and 6 show, DCC recovery reduced climb#tange, water use, and cumulative energy
demand by almost 3 to 10% for both adsorbents.|3fgest reduction was attributed to human
toxicity and ecotoxicity, roughly 50 and 70% fortbostudied adsorbents, respectively. As
mentioned in the previous section, changing fro®3@covery of DCC and baseline of human
toxicity and ecotoxicity in both adsorbents is niypshe result of emissions of pyridine and
rhodium during process of DCC production. Theref@&C recovery can significantly affect
the reduction of human toxicity and ecotoxicity @m industrial scale. The recovery of NHS as
another coupling reagent in the production of tadkorbents scarcely ever changed any of the

studied impact categories.
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Ethanol recovery during the production process athbadsorbents reduced climate change
almost 20%, water and cumulative energy demand sli30%, and less than 3% for human
toxicity and ecotoxicity. These increases in clienahange, water, and cumulative energy
demand impact categories in the baseline by grédzer90% ethanol recovery are mostly due to
use of water and energy in production of ethylené then hydration of ethylene to ethanol.
These results demonstrate that chemical ethanoVeeg is useful and important for reduction of

environmental impacts in industrial scale produttd these adsorbents.
4. Conclusion

This study developed an environmental assessmerarafadsorbents as a special application of

nanoproducts. The results demonstrate that furaiation of both studied nanoadsorbents in



order to increase their adsorption capacity causege increase in their environmental impacts

and may differ for other nanoadsorbent products.

Fig. 2, with the results of all included impactemgries for both studied nanoadsorbents (MGO-
NH-SH and FgO,@SiO-NH-SH, suggest that MGO-NH-SH has a lower emvhental impact

in all included impact categories compared tgaUz@SiO-NH-SH for 1 kg Hg removal.
Furthermore, in a prospective approach, findingdiacthat perform as the main contributors in
all five impact categories for both nanoadsorbestadvisable. For example, Arvidsson et al.
(2014) showed that the hydrazine and diethyl etleed in graphene production by chemical
reduction and ultrasonication, respectively, areong contributors in all studied impact
categories. In this study, electricity used forthpand cooling and chemical ethanol used in
washing in production are the main contributorsumulative energy demand, water use, and
climate change. Similarly, DCC plays an importavierin human toxicity and ecotoxicity. In
industrial production of these nanoadsorbents, mahtecovery can play a big role in reducing
impacts in all included impact categories, bus iinportant to know where efforts to recover has
the largest effect. For example, the recovery ¢ 38f DCC in the production stage of MGO-
NH-SH and Fe304@SiO-NH-SH reduces human toxicity erotoxicity by about 50 and 70%,

respectively, whereas the NHC recovery had no kslfect in any impact category.

Overall, these results lead to a generalized fopdithat the production of nanomaterials,
particularly in specialized applications, e.g. reasorbents, can be optimized through
performing an assessment of the environmental itapafctheir production and use at an early
stage of technological development, which assishitherstanding of their thought environmental

impacts.



Acknowledgements

The present research was funded by a grant Irariomdét Science Foundation, Iran
Nanotechnology Initiative Council and Tarbiat Moekr University, Iran. The authors
wish to thank Dr. Mohsen Nowrouzi, Ms. Maryam Nézer Fatemeh Bahmei, and Mojdeh

Lotfi for their kind scientific help in conductirthis research.

References

Ai, L., Zhang, C., Chen, Z., 2011. Removal of mé&thg blue from aqueous solution by a
solvothermal-synthesized graphene/magnetite congpdasiHazard. Mater. 192, 1515—
1524. doi:10.1016/j.jhazmat.2011.06.068

Arvidsson, R., Kushnir, D., Sandén, B. a, Molan&y,2014. Prospective life cycle assessment
of graphene production by ultrasonication and cleahreduction. Environ. Sci. Technol.
48, 4529-36. doi:10.1021/es405338k

Arvidsson, R., Nguyen, D., Svanstrom, M., 2015el@fycle Assessment of Cellulose
Nanofibrils Production by Mechanical Treatment dmeb Different Pretreatment
Processes. Environ. Sci. Technol. 46, 1505150942591fbi:10.1021/acs.est.5b00888

Boening, D.W., 2000. Ecological effects, transpant fate of mercury: A general review.
Chemosphere 40, 1335-1351. doi:10.1016/S0045-698H{283-0

Change, I.C., 2013. The physical science basistribation of working group | to the fifth

assessment report of the intergovernmental panelimate change.

Cui, L., Guo, X., Wei, Q., Wang, Y., Gao, L., Ydn, Yan, T., Du, B., 2015a. Removal of
mercury and methylene blue from aqueous solutiordnyhate functionalized magnetic
graphene oxide: Sorption kinetic and uptake meamani. Colloid Interface Sci.
doi:10.1016/}.jcis.2014.10.019



Cui, L., Wang, Y., Gao, L., Hu, L., Yan, L., Wei, @u, B., 2015b. EDTA functionalized
magnetic graphene oxide for removal of Pb(ll), Hgghd Cu(ll) in water treatment:
Adsorption mechanism and separation property. Clgmg. J. 281, 1-10.
doi:10.1016/j.cej.2015.06.043

Diagboya, P.N., Olu-Owolabi, B.l., Adebowale, K.2015. Synthesis of covalently bonded
graphene oxide-iron magnetic nanoparticles anditietics of mercury removal. RSC Adv.
5, 2536-2542. doi:10.1039/C4RA13126F

Dubey, R., Bajpai, J., Bajpai, A.K., 2015. Greenthesis of graphene sand composite (GSC) as
novel adsorbent for efficient removal of Cr (VIn®from aqueous solution. J. Water
Process Eng. doi:10.1016/j.jwpe.2015.01.004

Frischknecht, R., Jungbluth, N., Althaus, H.-J.u8aC., Doka, G., Dones, R., Hischier, R.,
Hellweg, S., Humbert, S., Kollner, T., 2007. Impkamation of life cycle impact assessment

methods. Ecoinvent Rep.

Gavankar, S., Suh, S., Keller, A.A., 2015. The Rijl8cale and Technology Maturity in Life
Cycle Assessment of Emerging Technologies: A CasgySn Carbon Nanotubes. J. Ind.
Ecol. 19, 51-60. do0i:10.1111/jiec.12175

Goedkoop, M.J., Heijungs, R., Huijbregts, M., 2088ife cycle impact assessment method
which comprises harmonised category indicatoreeattidpoint and the endpoint level.

Report I: Characterisation. Available from interhép//www. Icia-recipe. net.

Graeme, K., Pollack, C., 1998. Heavy metal toxigugrt 1: arsenic and mercury. J. Emerg.
Med. 16, 46-56.

Guo, X., Du, B., Wei, Q., Yang, J., Hu, L., Yan, Ku, W., 2014a. Synthesis of amino
functionalized magnetic graphenes composite matenits application to remove Cr
(VI), Pb (1), Hg (1), Cd (ll) and Ni (II) from cataminated water. J. Hazard. Mater. 278,
211-220.

Guo, X., Du, B., Wei, Q., Yang, J., Hu, L., Yan, Ku, W., 2014b. Synthesis of amino
functionalized magnetic graphenes composite magemhits application to remove Cr(VI),
Pb(Il), Hg(ll), Cd(Il) and Ni(ll) from contaminatewater. J. Hazard. Mater.



doi:10.1016/j.jhazmat.2014.05.075

Hadavifar, M., Bahramifar, N., Younesi, H., Li, QQ14. Adsorption of mercury ions from
synthetic and real wastewater aqueous solutiomigtionalized multi-walled carbon
nanotube with both amino and thiolated groups. Chemgy. J. 237, 217-228.

Hadavifar, M., Bahramifar, N., Younesi, H., RastakiM., Li, Q., Yu, J., Eftekhari, E., 2016.
Removal of mercury(ll) and cadmium(ll) ions frorm#lyetic wastewater by a newly
synthesized amino and thiolated multi-walled carbanotubes. J. Taiwan Inst. Chem. Eng.
67, 397-405. doi:10.1016/j.jtice.2016.08.029

Hauschild, M.Z., Huijbregts, M., Jolliet, O., Maol M., Margni, M., van de Meent, D.,
Rosenbaum, R.K., McKone, T.E., 2008. Building a eidzhsed on scientific consensus for

life cycle impact assessment of chemicals: thechefar harmony and parsimony.

Healy, M.L., Dahlben, L.J., Isaacs, J.A., 2008. iesvvmental Assessment of Single-Walled
Carbon Nanotube Processes. J. Ind. Ecol. 12, 336-€8®10.1111/j.1530-
9290.2008.00058.x

Hischier, R., Walser, T., 2012. Life cycle assessnoé engineered nanomaterials: State of the
art and strategies to overcome existing gaps.Tetal Environ. 425, 271-282.
doi:10.1016/j.scitotenv.2012.03.001

Huijbregts, M.A.J., Hellweg, S., Frischknecht, Rendriks, H.W.M., Hungerbdhler, K.,
Hendriks, A.J., 2010. Cumulative energy demandredigtor for the environmental burden

of commaodity production. Environ. Sci. Technol. 2489-2196.

Huijbregts, M.A.J., Rombouts, L.J.A., Hellweg, Brischknecht, R., Hendriks, A.J., van de
Meent, D., Ragas, A.M.J., Reijnders, L., Struijs2006. Is cumulative fossil energy
demand a useful indicator for the environmentalgrerance of products?

Huijbregts, M., Hauschild, M., Jolliet, O., Margi., McKone, T., Rosenbaum, R.K., van de
Meent, D., 2010. USEtox user manual. USEtbXeam.

Igata, A., 1994. Epidemiological and Clinical Featiof Minamata Diseasel. Neurobehav.
Methods Eff. Occup. Environ. Heal. 63, 33-45.



Ke, F., Qiu, L.G., Yuan, Y.P., Peng, F.M., Jiang, Xie, A.J., Shen, Y.H., Zhu, J.F., 2011.
Thiol-functionalization of metal-organic framewdsk a facile coordination-based
postsynthetic strategy and enhanced removal of-Higdtn water. J. Hazard. Mater. 196,
36—43. doi:10.1016/j.jhazmat.2011.08.069

Kim, H.C., Fthenakis, V., 2013. Life Cycle EnergydeClimate Change Implications of
Nanotechnologies. J. Ind. Ecol. 17, 528-541. dal:101/j.1530-9290.2012.00538.x

Kim, S., Overcash, M., 2003. Energy in chemical ufaaturing processes: Gate-to-gate
information for life cycle assessment. J. Chem hhet Biotechnol. 78, 995-1005.
doi:10.1002/jctb.821

Klopffer, W., Curran, M.A., Frankl, P., Heijungs,,Kdhler, A., Olsen, S.I., 2007.
Nanotechnology and life cycle assessment. A systgpsoach to nanotechnology and the
environment: Synthesis of results obtained at &slarp Washington, DC 2—-3 October
2006. European Commission, DG Research, jointli thie Woodrow Wilson International
Center for Scholars.

Li, G., Zhao, Z., Liu, J., Jiang, G., 2011. Effgetiheavy metal removal from aqueous systems
by thiol functionalized magnetic mesoporous silitaHazard. Mater. 192, 277-283.
doi:10.1016/j.jhazmat.2011.05.015

Liu, M., Chen, C., Hu, J., Wu, X., Wang, X., 20Bynthesis of magnetite/graphene oxide
composite and application for cobalt (1) removaIPhys. Chem. C 115, 25234-25240.

Lopes, C.B., Oliveira, J.R., Rocha, L.S., Tavas§., Silva, C.M., Silva, S.P., Hartog, N.,
Duarte, A.C., Pereira, E., 2014. Cork stoppersasti@ctive sorbent for water treatment:
the removal of mercury at environmentally relevearicentrations and conditions. Environ.
Sci. Pollut. Res. 21, 2108-2121.

Ma, Y., La, P., Lei, W., Lu, C., Du, X., 2016. Aaption of Hg(ll) from aqueous solution using
amino-functionalized graphite nanosheets decomatttdFe<inf>3</inf>O<inf>4</inf>
nanoparticles. Desalin. Water Treat. 57, 1-9. @1:080/19443994.2014.998292

Monier, M., 2012. Adsorption of Hg 2+, Cu 2+ and Znxiions from aqueous solution using
formaldehyde cross-linked modified chitosan-thieglsaldehyde Schiff's base. Int. J. Biol.



Macromol. 50, 773—-781. doi:10.1016/j.ijbiomac.2011026

O’Driscoll, N.J., Rencz, A., Lean, D.R.S., 2005€eTiogeochemistry and fate of mercury in the
environment. Met. lons Biol. Syst. 43, 221-238.

Oehmen, A., Vergel, D., Fradinho, J., Reis, M.A.®espo, J.G., Velizarov, S., 2014. Mercury
removal from water streams through the ion exchaneebrane bioreactor concept. J.
Hazard. Mater. 264, 65-70.

Pan, S., Zhang, Y., Shen, H., Hu, M., 2012. Anrisitee study on the magnetic effect of
mercapto-functionalized nano-magnetic Fe 30 4 pelgnand their adsorption mechanism
for the removal of Hg(ll) from agueous solution.edh Eng. J. 210, 564-574.
doi:10.1016/j.cej.2012.09.016

Pianosi, F., Beven, K., Freer, J., Hall, J.W., Reugdl., Stephenson, D.B., Wagener, T., 2016.
Sensitivity analysis of environmental models: Ateysatic review with practical workflow.
Environ. Model. Softw. 79, 214-232. doi:10.1016/ys0ft.2016.02.008

Pini, M., Rosa, R., Neri, P., Bondioli, F., Ferra&iM., 2015. Environmental assessment of a
bottom-up hydrolytic synthesis of TiO 2 nanopadglGreen Chem. 17, 518-531.
doi:10.1039/C4GC00919C

Rajaeifar, M.A., Akram, A., Ghobadian, B., Rafi&, Heijungs, R., Tabatabaei, M., 2016.
Environmental impact assessment of olive pomackiodiesel production and
consumption: A comparative lifecycle assessmengrg@nl106, 87—102.
doi:10.1016/j.energy.2016.03.010

Rosenbaum, R.K., Bachmann, T.M., Gold, L.S., Heigts, M.A.J., Jolliet, O., Juraske, R.,
Koehler, A., Larsen, H.F., MacLeod, M., Margni, MQ08. USEtox—the UNEP-SETAC
toxicity model: recommended characterisation factor human toxicity and freshwater

ecotoxicity in life cycle impact assessment. InLife Cycle Assess. 13, 532.

Shen, X., Wang, Q., Chen, W., Pang, Y., 2014. Qep-synthesis of water-dispersible cysteine
functionalized magnetic Fe304 nanoparticles forames(ll) removal from aqueous
solutions. Appl. Surf. Sci. 317, 1028-1034. doiil1.6/j.apsusc.2014.09.033

Starvin, A.M., Rao, T.P., 2004. Removal and recpwémercury(ll) from hazardous wastes



using 1-(2-thiazolylazo)-2-naphthol functionalizactivated carbon as solid phase
extractant. J. Hazard. Mater. 113, 75-79. doi:1164jQhazmat.2004.04.021

Uihlein, A., Schebek, L., 2009. Environmental imgaaf a lignocellulose feedstock biorefinery
system: An assessment. Biomass and Bioenergy 33802.
doi:10.1016/j.biombioe.2008.12.001

Walser, T., Demou, E., Lang, D.J., Hellweg, S.,2(Hrospective environmental life cycle
assessment of nanosilver T-shirts. Environ. Sathfiel. 45, 4570-4578.

Wang, C., Feng, C., Gao, Y., Ma, X., Wu, Q., Wahg2011. Preparation of a graphene-based
magnetic nanocomposite for the removal of an ogdye from aqueous solution. Chem.
Eng. J. 173, 92-97. doi:10.1016/j.cej.2011.07.041

Wang, D., Liu, L., Jiang, X., Yu, J., Chen, X., @h&., 2015. Adsorbent for p-
phenylenediamine adsorption and removal basedaphgne oxide functionalized with

magnetic cyclodextrin. Appl. Surf. Sci. doi:10.101&psusc.2014.12.161

Wang, H., Yu, Y.-F., Chen, Q.-W., Cheng, K., 20Carboxyl-functionalized nanoparticles with
magnetic core and mesopore carbon shell as adssrioethe removal of heavy metal ions
from aqueous solution. Dalt. Trans. 40, 559-563.

Yu, F., Sun, S., Ma, J., Han, S., 2015. Enhanceubval performance of arsenate and arsenite

by magnetic graphene oxide with high iron oxidediog. Phys. Chem. Chem. Phys. Phys.
Chem. Chem. Phys 4388, 4388—-4397. doi:10.1039/e@3%k
Zhang, S., Zhang, Y., Liu, J., Xu, Q., Xiao, H., MgaX., Xu, H., Zhou, J., 2013. Thiol modified

Fe304@Si02 as a robust, high effective, and reagcehagnetic sorbent for mercury
removal. Chem. Eng. J. 226, 30-38. d0i:10.1016/20&3.04.060

Zhang, W., Shi, X., Zhang, Y., Gu, W., Li, B., Xiax., 2013. Synthesis of water-soluble
magnetic graphene nanocomposites for recyclablevahof heavy metal ions. J. Mater.

Chem. A 1, 1745. doi:10.1039/c2ta00294a



t 1 t 1

Energy Input se——p| Production Use End of life
Material INPU tem—p of >
Water Input  =———p| Nanoadsorbent Nanoadsorbent Nanoadsorbent

[ !

Water Emission wp-
Air Emission
Soil Emission  wp-

I
I
of —-{-» of
I
I
I
I
I
I



