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Abstract

Mill scale is a waste product from the steel industry available cheaply in tonne quantities and
consisting of various iron oxides. The supercapacitive behaviour of mill scale directly from the
steel plant, and after various cheap and scalable physical and chemical treatments, has been
studied in electrodes formed by spraying mill-scale containing suspensions onto large area
current collectors. Half-cell and full cell supercapacitors in cheap, non-toxic aqueous sodium
sulphite electrolyte were investigated by cyclic voltammetry, charge-discharge and
electrochemical impedance spectroscopy, and delivered a capacitance of up to 92 F g at a scan
rate of 5 mV s!, which was maintained at more than 80% after 5,000 cycles. The approximate
costs of commercial and mill scale-based supercapacitors were compared, and showed that
while mill scale absolute capacitances were lower than more expensive laboratory synthesised
metal oxides, the cost per kilo-watt performance can be competitive, especially for very large

grid scale storage applications.
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Introduction

Supercapacitors, also called electrochemical capacitors, have comparatively high power density
and long cycle life and are of interest to replace or complement more energy dense lithium-ion
and other batteries in transport and stand-alone or grid-connected power plants, as well as
portable electronics. There are two principal types of supercapacitor electrode materials: high
surface area, usually carbon-based materials that facilitate adsorption/desorption of electrolyte
ions at the electrode/electrolyte interface to form an electrical double layer with specific
capacitance usually in the range 80-200 F g% and transition metal oxides or conducting
polymers that store electrical charge through fast and reversible redox reactions at their
surfaces, usually termed pseudo-capacitors and with specific capacitance that might exceed 200
F g1.4> Although carbonaceous electrodes dominate commercial applications, there are intense
research efforts focused on transition metal oxides because of the potential increases in energy
density they might afford, if their disadvantages of restricted power density, poor cycle life and

usually high cost might be mitigated.®®

The most studied pseudo-capacitive materials are ruthenium oxide® ° and manganese oxide,**"
14 and both have achieved commercial impact in niche markets. Recently, there have been
sustained efforts to develop other metal oxides such as those of nickel oxide and cobalt oxide
to similar levels of maturity and scale.’>*® However, despite attractive laboratory performance
in these latter systems, many of the transition metal oxide-based system have so far remained
either inherently expensive and/or involve complex synthesis that places restriction on their

scalability. Therefore there is a continuing opportunity to develop systems that realise some of



the potential of transition metal oxides, particularly in energy density, while using low-cost and
environmentally benign materials combined with scalable processing routes. Many of these
considerations, particularly relating to cost, safety and scalability, become more acute when

large grid-scale energy storage systems are considered.

Iron oxides have also been considered as supercapacitor electrodes since they exhibit some
advantageous characteristics, such as natural abundance, low-cost, low-toxicity and
environmental friendliness.®?* For example, Fe;Os nanostructures prepared via an
electrospinning technique using ferric acetyl acetonate and heat treatment at 500 °C showed a
capacitance of up to 256 F g* at a slow scan rate of 1 mV st in 1 M LiOH electrolyte.'® Porous
flower-like Fe;Os nanostructures by an ethylene glycol mediated self-assembly process
delivered a capacitance of 127 F gt at 1 A gt in 0.5 M NaS0s.22 Fe304 has also been studied
and in a nanowire format delivered > 100 F g* at 250 mV s in a Na,SOs electrolyte.? 2>
Although possessing high performance, these “in-house” materials are available so far only at

the laboratory scale and few could be scaled practicably to industrial application.

For carbon-based electric double layer capacitor electrodes, researchers have sought to reduce
costs for large scale deployments by using bio-derived sources of carbon, such as cellulose of
different types, bananas, coconuts, peanuts, used cigarette filters, etc.?%28 However, to the best
of our knowledge, there have been no similar efforts to investigate cheap or waste materials
for pseudo-capacitors. In this paper we investigate the possibility of up-cycling mill scale to an

energy storage material, which is a super-abundant waste product that is created as a by-



product of many metallurgical processes in the steel industry and is cheaply available in tonne
guantities. Iron-based oxide layers are readily formed on the surface of commonly used steel
billets and sheets during processing, and are then cracked and dispersed each time the steel
undergoes one of many hot-rolling passes, so that many tonnes of mill scale soon accumulate
within a large integrated steel plant. The mill scale is primarily a mix of iron oxides, which we
combine with a scalable spray processing technique to fabricate supercapacitor electrodes for
possible grid scale storage applications. While no claims are made that the resulting energy
storage performance, e.g. Farads per unit weight, is competitive with laboratory synthesised
iron oxides, we then use cost estimations to show that the mill scale’s cost-weighted storage
behaviour may be competitive with current technologies, and suggest ways in which this
performance might be improved further. We also advocate the development of standard
approaches to cost-performance assessments that will allow more robust cross-comparisons

between emerging energy storage materials systems, especially for grid applications.

Experimental

Processing of mill scale electrodes

Mill scale as shown in Fig. 1 was supplied directly from a rolled steel plant by Tata Steel Long
Products, UK. The multi-kg mill scale chunks were pulverized firstly by planetary ball mill
(Fritsch Pulverisette 5) using a stainless steel milling bowl and balls in ethanol at a material-to-
ball weight ratio of 1:10. Ball milling was then performed at 300 rpm for times of 4 to 12 hr.
After ball milling, the refined mill scale powders were chemically treated in 0.1 M HCI solution

under ultrasound, and then washed and dried overnight at 80 °C under vacuum. Electrodes



were formed by spray deposition of mill scale suspensions, which is described in detail
elsewhere.? Briefly, the mill scale powder and carbon black to facilitate electron transfer with a
mass ratio of 90:10 were suspended in a 1:1 water: ethanol mixture. The suspension was
sonicated for 15 minutes (Sonics and Materials Vibra Cell VC750) and the well-dispersed
suspension immediately sprayed at an atomising air pressure of 1 bar onto large area stainless
steel (SS) sheets and/or Al foils held flat on a vacuum chuck hotplate maintained at a

temperature of 90 °C. The spray was reciprocated over the substrate in a zig-zag pattern at a

stand-off distance of 10 cm to produce an electrode with a thickness of ~30 um.

Material and electrode characterization

Scanning electron microscopy (SEM) images of the mill scale at each stage of processing were
obtained in a JEOL JSM-6500F, and X-ray diffraction of powder samples was conducted in a
Siemens D5000 powder diffractometer with Cu Ka and a 20 step size of 0.05°. X-ray
photoelectron spectroscopy spectra were obtained in a K-Alpha Fisher scientific system with Al
X-ray source. Electrode thickness was determined by a series of step height measurements
using a profilometer (Dektak 6M Veeco Instruments Inc.). The Brunauer-Emmett-Teller (BET)
surface area of the mill scale in different conditions was measured using N3
adsorption/desorption behaviour (Micrometrics Gemini VI). The mass of spray deposited
material was measured by weighing of the substrates before and after spraying using a

microbalance with 0.01 mg readability (Sartorius).

Electrochemical measurements



Electrochemical testing of the electrodes was conducted in a three-electrode cell using a Pt
sheet counter electrode, a Ag/AgCl reference electrode and a Gamry ref 600 potentiostat in
0.5M NaxSOs solution at room temperature. Na;SOs was chosen because as well as surface
redox reactions with iron oxides it also provides additional reversible redox reaction of the
sulphite ions.?3 Cyclic voltammetry was performed in a potential range from -0.05 to -1.05 V vs
Ag/AgCl at scan rates from 5 to 200 mV s!. Galvanostatic charge/discharge tests were
performed at current densities of 0.5-3 A g*. Electrochemical impedance spectroscopy (EIS) was
performed in the frequency range of 100 KHz to 0.01 Hz at open circuit potential with an
amplitude of 5 mV. Symmetric, full cell supercapacitors using two identical mill scale sprayed
electrodes with a glass fibre separator were also fabricated and investigated in a 2032 coin cell

configuration using similar techniques.

Results and discussion

A schematic diagram showing the processing route of the mill scale is presented in Fig. 1. The
as-received mill scale chunks were pulverised to powder. As the ball milling time increased from
4 to 12 hr the SEM images in Fig. 2 suggested that the particles reduced in size, while
maintaining a flattened, angular shape that made quantified measurement of diameter, for
example by laser diffraction, unreliable. After 4 hr, the particle dimensions were in the range 1
to 10 um, and sizes reduced further after 12 hr to the range 50 nm to 5 um with most particles
having dimensions of ~ 1 um. When the ball milling time exceeded 12 hr, the powder size did
not change noticeably, and 12 hr was considered the maximum useful milling time. The mill

scale powder was then etched in a dilute HCl solution, as shown in Fig. 2d. Compared with un-



etched powder in Fig. 2¢c, the surface morphology showed a more porous surface of etched
“pits”. The vyield, defined as mass percentage of useful powder for electrode formation as a

proportion of the mill scale chunks was ~80%.

The surface area of the powders at different stages of processing was estimated by N>
adsorption-desorption and application of the BET method to the resulting isotherms, which are
shown in Fig. S1 while Table 1 lists the BET surface areas. The surface area increased slightly
with increasing ball milling time, and again on chemically etching, but overall the surface areas
were generally lower than conventionally desired for effective pseudo-capacitor materials, and

this points to strategies for subsequent improvements.

Figure 1 Schematic diagram of the various processing stages to convert mill scale waste from

the steel plant to sprayed, large area, 30 um thick FeOx based supercapacitor electrodes.



Figure 2 SEM images of the mill scale processed by ball milling for (a) 4 hr, (b) 8 hr, (c) 12 hr,

and (d) after chemical etching in HCI

Table 1 BET surface area of the mill scale at different stages of processing

Chemical etching

Milling time 4 hr 8 hr 12 hr in HCl
BET surf.

, Spracearea 4.0 5.7 8.4 9.5
(m?g™)
Standard error 0.15 0.05 0.16 0.14

Fig. 3 shows the X-ray diffraction trace for the HCl etched mill scale powder, where each of the

significant diffraction peaks were ascribed to the various iron oxides Fe;0s, Fe3O4 and Feg94,0,



and a weak diffraction response from body centred cubic iron. The fraction of each phase was
estimated by matching the peak intensities to the corresponding International Centre for
Diffraction Data powder patterns, while assuming all phases present were crystalline and there
was no preferred orientation.332 The weight fraction of each phase was estimated using a
modified internal standard method that takes the //Ic ratio where / is the intensity of the main
peak for the particular phase in question and Ic is the intensity of the strongest peak from a-
Al,03 powder mixed into the sample in a 1:1 by weight mixture.3%33 As a result, the fraction of
Fe;03, Fe304, Fep0420, and Fe in the mill scale was estimated by weight as 10%, 40%, 30% and
20% respectively. Additionally, XPS was performed to trace any possible contamination, and no

detectable impurity was recognized shown in Fig. S2.
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Figure 3 XRD pattern of the ball milled and then HCI etched mill scale.

As shown in Fig. 1, the mill scale fine powders were then suspended in the fugitive water-
ethanol carrier and spray deposited onto large area current collectors to a thickness of ~30 um
as shown in Fig. S3. Fig. 4a shows the cyclic voltammetry (CV) curves of electrodes from the mill

scale ball milled for 4, 8 and 12 hr, and then HCI etched, each at a potential scan rate of 25 mV



s1. Overall, the current density increased with increasing ball milling time and on etching, with
the etched mill scale displaying the largest current density because of its larger surface area. All
subsequent data focuses on powders after 12 hr milling and acid etching only, which is denoted

as FeOy for convenience.

CV curves of the FeOy electrodes at scan rates from 5 to 200 mV s in 0.5 M Na,SOs solution are
shown in Fig. 4b, and no significant changes were remarked in the CV shape during CV scans. As
expected, there were pseudo-capacitive peaks superimposed on an underlying, distorted
rectangular shape typical of the low electrical conductivity of oxide based electrodes. There

were two pairs of wide redox peaks due to Fe3' and Fe®* species and the redox reactions

associated with adsorbed S03* ions:2> 34
Fe3t + e~ & Fe?* (1)
2S0% +3H,0+4e ©S,05 +60H" @)
S,05 +3H,0+8e ©2S* +60H" (3)

Post cycling XRD showed loss of resolution of peaks due to Fep4,0, reflecting its comparative
instability. All the CV curves displayed a similar shape, maintaining the quasi-rectangular shape
from 5 mV st to 200 mV s, suggesting reasonable charge transfer and rate performance.
Specific capacitance C based on the total mass of electrode materials was calculated from the

CV curves according to:3* 36

[ IdE
€= vmE

(4)
where [ is the current, v is the scan rate, m is the total electrode mass (mill scale plus carbon

black), and E is the potential range. The specific capacitance (normalized to total electrode
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mass) at different scan rate is shown in Fig. 5a, with a specific capacitance of 92 F gt at 5 mV s,
reducing with increasing scan rate to 37 F g'* at 200 mV s*. The capacitance decrease with scan
rate was comparatively slow for an iron oxide based supercapacitor, probably because the
small fraction metallic Fe helped to prolong electron mobility at higher rates before more

strongly resistive behaviour began to dominate.

Galvanostatic charge/discharge tests at different current densities are shown in Fig. 5b. As
expected for a transition metal oxide, the charge/discharge curves displayed a slight deviation
from the linear response of electric double layer capacitance only, and were typical of iron
oxides.?l 23 2> Average specific capacitance C based on the total mass of electrode materials

was also calculated from these discharge curves according to:23

I
Ctar, ©
ac ™
where dV/dt is the slope of discharge curve, m is the total mass of the two electrodes, and / is

the current. A specific capacitance of 72 F g was delivered at 1 A g%, reducing with increasing

current densityto 36 Fglat8 A gt
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Figure 4 (a) CV curves of the mill scale ball milled at 4, 8, 12 hr and then HCl etched at a scan

rate of 25 mV s, and (b) CV curves of the HCl etched mill scale at various scan rates.

Table S1 gives the specific capacitances of iron oxide-based electrodes from the recent
literature, indicating that the etched mill scale performance lies approximately in the mid-range
of reported performance for similar scan rates. Note however that most of the data in Table S1
concerned small-scale laboratory synthesised iron oxides. In contrast, mill scale is a low value
by-product or even industrial waste feedstock, abundantly available, processed here by facile
industrial processes that already can operate at large scale. The implied lower cost, scalability
and reasonable capacitance of mill scale, combined with a cheap aqueous electrolyte, suggest
possible applications in grid scale energy storage, where very large electrode areas and large

amounts of cheap electrode materials will be required.
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Figure 5 (a) Specific capacitance as a function of scan rate, and (b) galvanostatic discharge

curves at various current densities, each for 12 hr ball milled mill scale followed by HCl etching.

The cycling performance of a FeOx electrode in a three-electrode system is shown in Fig. 6a,
with a slight increase in capacitance of ~3% over the first few cycles (possibly due to the relative
instability of Feo.0420), which resulted from irreversible conversion of some of the mixed oxide
phases. Beyond, this region, 83% capacitance was retained over 5,000 cycles. EIS was also
conducted at open circuit potential, and Fig. 6b shows Nyquist plots of FeOyx in Na>SO3 before
and after cycling. The Nyquist plots were best-fitted to the Randles-type equivalent circuit
illustrated in Fig. 6¢c. The double-layer capacitance and the Warburg impedance were
represented by two constant phase elements CPE; and CPE,. Fitting of the equivalent circuit
was carried out using Gamry Electrochemical Analyst software, and the parameters extracted.
In the high frequency region, the intercept on the Zieal x-axis was almost the same both before
cycling and after 5,000 cycles at 4.8 + 0.1 Q, indicating a moderate equivalent series resistance.
The best-fit diameter of the semi-circle can be interpreted as the charge transfer resistance (Rct)

associated with Faradic redox reactions, and showed a small increase from 3.2 + 0.1 to 10.9 *
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0.1 Q after 5,000 cycles. The small resistance increase was mainly due to the slight electrode
material expansion during repeated redox reactions. However, the SEM images of the FeOy
electrodes before and after long term cycling in Fig. S4 displayed no obvious change, suggesting

good morphological stability at the macro-scale.

Figure 6 (a) Cycling performance of the FeOy electrode, (b) experimental and fitted Nyquist
plots of the FeOyelectrode in a Na;SOs electrolyte, and (c) the equivalent circuit used to fit the

data.

An aqueous based NaySOs; electrolyte symmetric full cell supercapacitor coin cell was
constructed and CV behaviour investigated in the range 0 to 1 V at scan rates from 5 to 100 mV
s1. Fig. 7a shows that the CV curves at all scan rates showed a quasi-rectangular, distorted

shape, indicative of some resistive character, as is commonly found in pseudo-capacitor full
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cells. The specific capacitance was estimated using Equation (4) at 20 F g* at a scan rate of 5
mV s1. The charge/discharge behaviour at different current densities was also investigated in
Fig. 7b, and similarly to half-cell data, again deviated from linear and were typical of pseudo-
capacitors.> 2% The specific capacitance was estimated using Equation (5) at 25 F g at a current
density of 0.25 A g1, equivalent to a specific capacitance of 100 F g'* for a single FeOx electrode,

and consistent with the earlier half cell data.

A Ragone plot using data from the full cell arrangement is shown in Fig. 8, which also contains
comparative recent aqueous-based supercapacitor data re-plotted from the literature,
indicating that the mill scale energy and power performance was broadly comparable to other
aqueous-based symmetric supercapacitor systems, including the most comparable MnO; based

arrangements.37-40

Figure 7 (a) CV curves of a full cell supercapacitor based on FeOy at various scan rates, (b)
galvanostatic charge/discharge curves of the same full cell supercapacitor at various current

densities.
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Figure 8 A Ragone plot constructed from data in Figure 7b, together with some comparative re-

plotted data of aqueous-based symmetric supercapacitors.

Cost implications

A preliminary assessment of the implications of using mill scale based electrodes was
undertaken. Assuming the mill scale chunks are essentially without cost, the processing costs
are electricity consumed, the acid treatment, and associated equipment usage. The total cost of
mill scale electrodes was estimated, as shown in Table S2, at ~23 USD kg, based on the
laboratory scale production of ~100 g described earlier. It is not unreasonable to assume that
these costs could be reduced if the same approach were pursued at large scale. A “capacitance
cost” was then estimated and compared with electrodes made from ~100 g of commercially
available Fe304 nano-powders (Sigma, UK) and activated carbon (YP-50 AC, Kuraray Chemical
Co., Ltd.) as described below. Fe304 was chosen because it was the largest fraction phase in the
mill scale, and AC was chosen because it is the main electrode material used in commercial

supercapacitors. It is recognised that the cost of commercial materials could be substantially
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lower if purchased in bulk, but in the absence of any alternative robust and citable cost data,
the actual costs incurred in our experiments were used in the cost comparison. In any case, as
shown later, the low cost of mill scale will likely dominate its overall attractive cost weighted

performance.

In order to obtain an estimate of the capacitance costs, electrodes were fabricated identically
from FeOx, commercial Fe3s04 and AC followed by identical CV testing in the same NaSOs
electrolyte, so that non-feedstock costs could be assumed constant (the performance of the
commercial materials in more typical electrolytes is investigated later). Fig. 9a shows the
resulting CV curves with rather similar mass normalised current density responses. Table S3
shows the estimated specific capacitance from these data and the capacitance cost was then

estimated from:

Unit price (USD/g)

C it t (USD/F) =
apacitance cost ( /%) Specific capacitance (F/g)

(5)

The estimated capacitance costs are shown in Fig. 9b, with the relatively restricted absolute
gravimetric capacitance of mill scale more strongly compensated for by its negligible feedstock
cost: unrealistically high cost would have to be ascribed to the feedstock mill scale, or very large
discounts applied to the commercial materials, to give mill scale a similar capacitance cost in

this configuration.

The energy cost (USD/kWh) and power cost (USD/kW) for the mill scale supercapacitors were
also estimated, assuming that the electrode materials accounted for 65% of the total
capacitance cost (since comparatively cheap aqueous-based electrolytes were employed and

not more expensive organic electrolytes), and ignoring in-service costs:
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Unit price (USD/Kg)
5% * Energy density (kWh/kg)

Energy cost (USD/kWh) = c (6)

Unit price (USD/Kg)
65% * Power density (kW/kg)

Power cost (USD/kW) = (7)

The corresponding energy and power costs, as well as similar data for commercial LIBs and
carbon/carbon based supercapacitors in their bespoke electrolytes used commercially are
shown in Fig. 10, using LIB and supercapacitor data aggregated from various sources.*"** As is
well known, Fig. 10 shows that supercapacitors are characterized by high energy cost while LIBs
are characterized by high power cost. However, the energy and power costs of the mill scale
supercapacitors, using our laboratory data, are nonetheless broadly competitive with
commercial devices. It should be noted that the aqueous-based mill scale supercapacitor has a
working voltage of only 1V, compared with up to ~3 V for commercial LIBs and supercapacitors.
Since energy density is proportional to the square of working voltage, small increases, for
example by the use of asymmetric electrode arrangements, such as mill scale versus cheap bio-
derived carbon, could significantly increase the relative attractiveness of the mill scale.?® Of
course, these cost estimations and comparisons are, at best, only first order and somewhat
crude. However, the literature provides little data or help on how to construct a more robust
cost-benefit analysis of even this relatively coarse type. A common approach to a first order
guantification of the forecast cost-benefit for new energy storage materials or systems would
be extremely useful for researchers to understand better their potential restrictions and

opportunities.
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Figure 9 (a) CV curves of the processed mill scale (FeOx), commercial Fe304 nanoparticles and
activated carbon (AC) electrodes in the same Na>SOs electrolyte and produced in the same way;

and (b) approximate capacitance cost for the same electrode materials.

Figure 10 (a) Energy and (b) power cost estimations for mill scale supercapacitors, and

commercial LIBs and supercapacitors.

Conclusions

Supercapacitor electrodes based on industrial waste mill scale have been prepared from
suspension by spray deposition. The as-supplied mill scale was firstly milled to approximately 1

pum particles and then treated in hydrochloric acid. The resulting powder comprised Fe,0s3,
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Fes04 and Feops420, and a small fraction of metallic iron, with a BET surface area of 9.5 m2 g1
Electrochemical testing showed a capacitance of 92 F g'* at 5 mV st in a half cell arrangement
and 25 F g at 0.25 A g! in a full cell arrangement in an aqueous Na,SOs electrolyte.
Capacitance was retained at 83% of its initial value after 5,000 cycles. The cost of devices
fabricated from mill scale was assessed approximately, compared with commercial
counterparts and showed promising potential for large scale energy storage applications while
the need for better models for cost-benefit cross-comparisons was emphasised. More generally
it was shown that ideas already advanced to exploit low cost, abundant materials and simple
processing for electric double layer capacitor electrodes might also usefully be applied in some

cases for pseudo-capacitive materials.
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Figure S1 N, adsorption-desorption isotherms of the mill scale processed by ball milling for (A) 4
hr, (B) 8 hr, (C) 12 hr, and (D) 12 hr followed by chemical etching.

Figure S2 XPS suvey scan of the mill scale powder. The detected carbon was from the air.
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Figure S3 Thickness profile across a 3.5 um portion of the as-sprayed mill scale electrode.

Figure S4 SEM images of the mill scale electrode (a) before and (b) after cycling.
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Table S1 The specific capacitances of iron oxides reported in recent publications.

Current density Capacitance

Material Electrolyte Reference
or scan rate F/g
Fe,03 NaxSO4 10 mV/s 90 1
FesO4 nanosheets/CNF Na,SO3 10 mV/s 127 2
Fes04 nanowires Na,SOs3 1A/g 60 3
Fe304 nanorods NaSO3 1A/g 30 3
Fe,0s3 porous fiber LiOH 1mV/s 256 4
Fe,03 nanograin LiOH 1mV/s 102 4
Fes04 nanoparticles KOH 5mV/s 58 >
Fe,03 NaxSO4 20 mV/s 23 6
Fe,0s3/graphene NazS0a4 2.5 mV/s 113 6
Fe203 Na2503 1 A/g 127 7
Fe;03 sheets Li>SO4 0.36 A/g 147 8

Table S2 Cost estimation of the processed mill scale.

Mill scale cost /batch=160 g* usD
Electricity 3.0°
Acid treatment 0.4
Ball mill machine/pot usage 0.2
Other 0.1
Sum 3.7

Total cost 23.1 USD/kg

2@ Four balls were used in each ball milling container, and 40 g of powder were obtained from
each pot.

S4



® The ball milling consumed electricity of 14.4 kWh, at a local electricity unit price of 0.13
GBP/kWh (1 GBP=1.6 USD).

Table S3 Specific capacitance and capacitance cost for mill scale, commerical Fe3O4 nano-
powder and commercial activated carbon (AC)

Specific

Capacitance

Materials capacitance cost (U S(I:)(;T(tg) Source
Fg!@5mV/s (USD/103%F)
Steel
Processed mill 23.1 plant (UK)
92 0.25 (UsSD3.7/160 .
scale + in-house
gl processing
Sigma-
1,391 A('SL')Ch
Nano-Fe304 79 17.6 (USD139/100 ’
product
g) code:
637106
Kuraray
1,167
Activated carbon ! Chemical
YP-50 72 16.2 (USD350/300 Co.
gl (Japan)
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