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Abstract: In this work various sample of primary aluminum dross were investigated for composition and
evaluation of hydrogen generation via hydrolysis in low concentration alkali solution. Composi-tion revealed
low to moderate aluminium content and hydrolysis reactions showed low hydrogen generation volumes per
sample mass as well as purity, where composition plays substantial role in the hydrogen evolution, yet
showing that there is possible place for dross use in hydrogen generation. It was revealed that some dross
samples in addition to hydrogen also release methane via hydrolysis. Rection rate was obtained by the
shrinking core model, written for spherical solid particles. Sample composition on hydrogen generation
volume is compared to known literature.
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1. Introduction

In today’s world one crucial problem is the recycling of various wastes in tandem with energy
production. In general, aluminium (Al) recycling is well established industry with somewhat known
parameters, such as packaging and beverage can recycling. The classification of aluminium scraps
has been created and currently dictated by the standards EN12258 and EN13980 [1]. Moreover,
aluminium-rich solid waste materials are non-compliant to disposal in a non-hazardous waste
landfill, as defined by the EU criteria. As a matter of fact, the EU regulations classify aluminium-rich
by-products as special hazardous wastes capable to create flammable gases and to form explosive
mixtures with ambient air (hazard class codes: HP10; HP11; HP12; HP13; European Waste Code,
EWC: 100323*). Aluminium recycling is not only energy intense endeavor but also there is a limit on
the recycling extent. There are Al wastes that have high recyclability such as cans (containing ca. 94
wt.% Al, 1 wt.% oxides and 5 wt.% other inclusions), and there are also large amounts of unrecyclable
or hard to recycle wastes, i.e., dross. The recycled aluminium nowadays amounts to ca. 35% of the
total primary Al production and requires 10-15 times less energy consumption [2—-4]. In industrial
production scale the first step in aluminium recycling is the separation of the metallic components
from the non-metallic ones [2,5,6] by applying various screening techniques or even their
combination, such as magnetic separation, Eddy current separation, density separation, and others
[5-11]. It is well known that aluminium water reaction can produce hydrogen, thus the hazardous
nature of Al waste in landfill; it can be used for electricity production where a by-product is
aluminium hydroxide. One of crucial components of use of Al-H20 reaction and utilization of waste
Al is the mitigation of CO: emissions, as proven by Hiraki et al. Life Cycle analysis, where this
reaction decreased energy requirement to only 2% of the conventional method which leads to 4% of
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CO:z emissions [12]. Known literature has concluded that impurities largely influence the production
yield as well as amount of by-product created in Al-Water reaction.

Al-Water reaction is distinguished by the absence or presence of the catalyst. As a fact,
aluminium reacts with ambient oxygen to create a protective surface layer. A piece of aluminium,
placed into water, already has a surface layer of aluminium oxide or alumina, Al20s, that reacts with
water even at moderate temperature to produce a boehmite AIOOH layer. This is so called induction
step:

AlLOs + H.O — 2AI0O0H (1)

At the induction step the boehmite film is growing, and in the meantime the diffusion of OH-

ions through the AIOOH layer occurs. As a result, hydrogen bubbles appear at the Al:Al2Os interface:
6AIOOH + 2Al1 — 4AL0s + 3Hz (g) (2)

The aim of catalyst usage is to eliminate the protective layer of aluminium oxide that hinders to
proceed the reaction with water. In a large scale hydrogen producing, the most common are alkaline
catalysts, namely, sodium or potassium hydroxide. In the case of sodium hydroxide as the catalyst,
aluminium oxide is being dissolved:

AlOs + 2NaOH + 3H20 — 2Na* + 2[AI(OH)4]- (3)
Further, exposed aluminium surface is capable to react with water to form hydrogen:
2Al + 6H20 — 2AI(OH)s + 3H2 (g) (4)
The surface layer of aluminium hydroxide is being dissolved by sodium:
Al(OH); + NaOH — Na* + [Al(OH)4]-  (5)
Excluding all dissociated ions, equations (4, 5) can be composed as:
2Al (s) + 6H20 + 2NaOH (aq) — 2NaAl(OH) (aq) + 3H2 (g) (6)

Meanwhile, the regeneration of sodium hydroxide takes place by decomposition of aqueous

NaAl(OH)4 that results in aluminium hydroxide residue:
NaAl(OH)4 (aq) » NaOH (aq) + AI(OH)s (s) (7)

Necessary to note that several parameters affect given above reaction chain: purity of aluminium
material as well as its morphology, temperature, alkaline concentration and alkaline stirring rate.
Thus, it is expected to have variations of hydrogen production depending on the sample content.

The goal of this study is to investigate set of industrial samples (White dross) identifying the
composition and elemental content, and estimate its use in Al-Water reaction with alkali catalysts for
hydrogen production; taking into account the produced gas purity and estimate it’s potential to be
part of green hydrogen production.

Industrial samples were provided by Alcoa, those were investigated using XRD, EDS, SEM,
reaction kinetics and analysis of gases as well as reaction efficiency analysis was done to estimate the
potential use.

2. Materials and Methods

The Materials used and tested in this study are industrial aluminium production by-products
from various stages of smelting. The expected composition of these samples are as follows:

e SOW: dross from pure aluminium (expected approx. 80% aluminium);

e  HDC: dross from 7% aluminium alloys (expected approx. 40% aluminium and approx. impurity
content: Si 7%, Mg 2%, Ti 0,5% Sr 1%);

e RM: dross from Ixxx series aluminium (approx. 40% aluminium), (approx. other impurity
content: B 1%, Ti 2% V 5%).

Samples were analyzed in various methods to determine the elemental, crystalline composition,
as well as hydrogen production potential was estimated via water-sample reaction and kinetics
evaluation. Decomposition with increased temperature was analyzed using thermogravimetric
analysis (Shimadzu Labsys Evo TGA) with heating rate of 20K.min! in the first section of analysis
and then 10 K-min-.

Morphological and structural analysis was carried out in scanning electron microscope (SEM,
Hitachi 53400 N, Tokyo, Japan) with elemental composition and elemental mapping carried out by
energy dispersive X-ray spectroscopy (EDS, Bruker Quad 5040, Hamburg, Germany). Crystalline
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structure was analyzed using X-ray diffractometer (XRD, Brucker D8, Hamburg, Germany) using a
Cu Ka radiation and Lynx Eye linear position sensitive detector at 2 theta angles in the range 20-70°.

Hydrogen production from water -dross reaction was carried out in a reactor reported in our
previous work (see Figure 3) and produced gasses analyzed in Mass Spectrometer (RGA100 MS,
Stanford Research Systems) [13]. 0.3 g of each sample was immersed in 100 ml of NaOH solution in
deionized water at 1 M concentration; temperature of water was kept at 40 °C. Experiments were
done without stirring.

O/N gas analysis was carried out (Horiba EMGA), where samples are heated by the impulse
furnace to extract the gas enclosed within the samples, and directly analyzed by the detectors.

3. Results

3.1. Thermogravimetric Analysis

To identify decomposition of samples with increased temperature, heating rate was set to 10 K
per minute. Thermogravimetric investigation shows that there are couple of decomposition processes
happening in all investigated samples, which is expected as the dross is a complicated sample with
many possible components. Most likely those points arise from hydroxide, carbonate and possibly
from metallic Al melting. SOW has 5 points, RM also has 5 points whereas HDC has only 3 points.
The initial mass loss (starting from point 1) is related to evaporation of moisture and water from the

samples.
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Figure 1. (a) SOW sample have 5 distinct changing points, (b) RM has 5 distinct point (c) on the other
hand HDC only 3 distinct points.

3.2. Elemental and Structural Analysis

3.2.1. SOW Sample

SEM and EA for sample SOW have been carried out in (Device)
The results are as follows;

As we can see in the Figure 2 the SOW sample consists of majority aluminium and alumina, but
with substantial amount of impurities, mostly fluoride and sodium that comes from the material
processing reactants in addition to Ca and Fe as regular additives to aluminium alloys. XRD analysis
shows that crystalline structures are present from corundum to calcium fluoride, in addition to other
components. It has amounts of nitride which changes the thermal properties of the material
substantially and makes it hard to physically process. Even in our processing experience preparation
of samples was very complicated as separation and grinding of samples took a lot of tools and time.
Thus, especially this step material is very complicated to recycle in a conventional way.
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Figure 2. SEM, EDS and XRD analysis of sample SOW, (a) EDS analysis of Al composition in one
point (b) EDS measurement of Al composition in 2. point (c) Overall composition of elements in point
1 (d) overall EDS measured composition in point 2 (e) XRD diffractogram of sample (f) average value
of atomic concentration percentage as measured by EDS.

3.2.1. RM Sample

SEM and EDS analysis of RM sample

Sample consists of Al, O, K, Mg, Ca, Na, F, V, Fe and Ti. The impurities are not so evenly
distributed and the morphology differs a little bit as well depending on the measuring point.
Although the impurities are a small part of the total concentration, some parts show a higher amount
of fluorine. The Al content changes from 30% to 45 % and oxygen changes from 43 to 59%, other trace
elements also change substantially. It is known that composition of samples will have substantial
effect on the hydrogen production. On the other hand, crystalline structure shows lower number of
components, such as Al nitride, oxide, and vanadium oxide. In comparison to SOW sample, the
amount of crystalline components is lower, and it is mostly composed of oxides.
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Figure 3. SEM, EDS and XRD analysis of sample RM. (a) SEM of the sample (b) ESD analysis with all
element composition at once (c) Al composition of the sample (d) second overall view of all present
element distribution (e) XRD of the sample (f) summary of average atomic concentration of the

sample.

3.2.2. HDC Sample

The sample consists of following elements: Al, Mg, F, Si, Ca and O are evenly distributed across
the sample area.

(c)
T atom C
- eges Element | (at%)
ad Al 58.81
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F 8.42
: Si 29.20
SN S5 | —— Ca 0.24
T 0] 1.67
(d) (e)

Figure 4. SEM, EDS and XRD analysis of sample HDC (a) ESD mapping of the sample (b) SEM image
of the sample (c) ESD analysis with Al element composition (d) XRD of the sample (e) summary of
average atomic concentration of the sample.

From EDS and SEM we see that HDC sample is somewhat homogeneous without visible
crystalline structures, similarly that is visible in XRD results, as the crystalline forms Al metal, also
Si, CaFz and MgO visible from found strong peaks in the diffractogram pattern.
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From elemental analysis we see that depending on the processing stage of aluminium, dross has
variations of compositions and structures, which in turn complicates recycling and reusing these
materials. The simplified estimated energy consumption of 1t of dross is 454 kWh/t in oil and 72
kWh/t in electricity with yield of 0.45 t of metallic Al [14]. It is noteworthy that often the exact
composition of used dross is not revealed, nonetheless it is quite complicated to compare results and
composition as depending on the stage of sample collection, moreover various producers will most
likely have variations of compositions that will depend on the individual processes, raw materials
and treatments.

3.3. Hydrogen Production from Samples

The water aluminium reaction produces gases at a various rate, and as it turns out we have to
see what gasses are being produced during the reaction with the electrolyte. Following are separation
into each sample.

3.3.1. SOW Sample

SOW sample measuring the gas composition at the beginning of the reaction and at a later time,
composition of the analyzed gases is visible in Table 1. We can see that 0.2% of methane was detected
at the beginning of the reaction with, 97.4% hydrogen, 0.3% Oz, 1.2% N2 and 0.1 % COa. At the end of
the reaction there was still methane present 0.2%, water vapor 0.1% and 99.6% of hydrogen.

Table 1. Generated gas analysis from sample SOW, in the beginning of the reaction and at the end of
the reaction.

SOW gas analysis Beginning of reaction End of reaction
Argon 0.0 0.0
Carbon Dioxide 0.1 0.0
Ethane 0.0 0.0
Hydrogen 97 .4 99.6
Methane 0.2 0.2
Nitrogen 1.2 0.0
Oxygen 0.3 0.0
Water 0.7 0.1

3.3.2. RM Sample

In the beginning of the experiment 98.3% of hydrogen was detected and 0.0% methane, in
addition to N2 0.4%, O2 0.1%, and water 1.9%. Then the reaction was let to run till completion. From
gas analysis one can see that methane is present in the first hour — however, it is impossible to find
more than 0.09 wt% methane in the following reaction hours. Hydrogen composes the majority of
the collected and analyzed gas as shown in the Table 2.

Table 2. Generated gas analysis from sample RM, in the beginning of the reaction and at the end of
the reaction.

RM gas analysis Beginning of reaction End of reaction
Argon 0.0 0.0
Carbon Dioxide 0.2 0.2
Ethane 0.0 0.0
Hydrogen 98.3 97.2
Methane 0.0 0.0
Nitrogen 0.4 0.5
Oxygen 0.1 0.2
Water 1.9 1.9
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3.3.3. HDC Sample

Hz production of HDC sample.

Pressure-temperature measurement shows steady production of gas and heat during sample -
water reaction. Reaction starts with release of CO:z and expected Hzas seen in Table 3, then Sample
was left in the reactor overnight to detect the maximum gas generation and allow full reaction with
electrolyte. During the night Methane evolution was detected as well as nitrogen which decreases the
gas ration, thus amount of Hz decreases to 92.5%.

Methane, Ethane and CO: are the most present impurities from reaction, but CO2 might be also
introduced from the leaks of the flow reactor as N2 is greatly introduced into the reactor. However,
Methane is the strongest hazardous impurity of 0.4% of the gas. Gas was collected in 400 cc collection
volume. This means that within 1st day only 1bar of H2 was generated. The last MS spectra is after
additional sample addition which might introduce air from vale opening - this also explains the
increase in methane as much more “pristine” HDC surfaces are exposed to the electrolyte.

Table 3. Generated gas analysis from sample RM, in the beginning of the reaction and at the end of
the reaction.

HDC gas analysis Beginning of reaction =~ End of reaction

Argon 0.0 0.0
Carbon Dioxide 0.2 0.2
Ethane 0.0 0.1
Hydrogen 98.3 92.5
Methane 0.0 0.4
Nitrogen 0.4 52
Oxygen 0.1 1.0
Water 0.9 0.5

3.3.4. Comparison of Hydrogen Generation and Reaction Efficiency

O/N gas analysis was measured several times for each sample, average results are depicted in
Table 4. The obtained results seem quite scattered due to inhomogeneous composition of the samples.
Some particles are with high purity, on the other hand many parts of samples show high amount of
oxygen and increase amount of nitrogen (as XRD patterns).

Table 4. O/N gas analysis.

Sample and measurement Oxygen Nitrogen
RM

1 5.31 0.009

6.87 2.595

3 0.58 0.013
SOW

1 0.330 0.007

0.067 0.004

3 4.86 0.530
HDC

1 1.329 0.044

2 2.714 0.070

From the sample-water reaction, it was identified that AIN (as XRD detected) containing
samples would result in the formation of ammonia. Thus, the application of PEM fuel cell is not viable
for these types of materials as ammonia would degrade and poison the FC. Any contamination must
be avoided if generated gas is to be used in a fuel cell. Ammonia (even at ppm level) is a real
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contaminant to the PEM hydrogen fuel cell [15]. 15 h exposure to 30 ppm NHs in the anode fuel
caused a rapid drop in cell performance.

For initial experiments with 1M alkaline and elevated temperature (40 °C), the reaction was not
as fast as expected. The slowest H2 generation reaction was recorded from HDC sample, while RM
showed the highest generation velocity/rate. However, we observed that some particles of SOW and
RM samples did not react at all.

From the investigation of sample reaction efficiency, it seems that RM shows highest efficiency,
even though the initial expectation is that this samples has roughly 40% Al, from composition we see
that it is mostly aluminium oxide, XRD doesn’t show much of hydroxide. Other samples have
impurities as Si or N, C which hinder the reaction. To increase the reactivity of samples and compare
gas generation. After filing down the samples to comparable particle size the reaction efficiency is
shown in the Figure 6a, where reaction efficiencies are depicted in Figure 6b and comparison of dross
samples with Al waste from construction material in Figure 6c.

As the samples are pre-treated with the file, the particles are more like spheric as cylindric, plates
or films. It means, in the first degree of monodisperse approximation, the geometry of particles is
described only by the single radius. With respect to volumetric bodies, at the chemical reaction the
shrinking of the solid reactant occurs, therefore the radius is time-dependent, r(t). The base of the
shrinking core model for a spherical particle is the expression that links the molar aluminium reaction
rate dna/dt on the surface with diminishing the size of a particular aluminium particle:

d d [4
4nr?() T4 = — L (T2 ), ®)

where par ans M are density and molar mass of the solid (aluminium). Eq. (8) is correct for the first

and more intensive, so-called surface reaction rate step, being analyzed in the present work. This

equation is widely solved out in literature [16], where it is shown that at a sufficient stirring:
==, 9

where 1o is the initial radius of the solid particle, and fis normalized non-dimensional hydrogen yield

(0 <f<1), where f=1 means the maximal theoretical yield, calculated by ideal (or real) gas equation of

state. At the experimental case of gaining the pressure p of yielded hydrogen in the constant volume
V:

f =3 @=po) . (10)
Here Wai is reacted aluminium mass, po and T. are the reference pressure and temperature,
respectively. The coefficient 2/3 comes from the stoichiometry in reaction between solid and liquid,
eq. (6). Summarizing Hiraki et al. [16], the reaction rate constant at the surface reaction step, ks, has to

be derived from the equation:
M

{1—a-pr =28 -tk (1)
pal
The coordinates in Figure 6b,c are chosen so that the slope of each curve at each point means the
reaction rate constant k. Table 5 displays the best possible detected constant values of ks before the
surface reaction step is affected by the second — mass transfer step of the chemical reaction, [13]. We
prefer to sign units on x, y axes as mm¥, s* because of non-dimensional multipliers.
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Figure 6. (a) Hydrogen reaction efficiency for non-uniform samples, (b) Reaction efficiency for
uniform size samples.

In the Table 5 we are comparing industrial white dross Hz generated efficiency compared to pure
Al reaction with water. We have reported efficiency close to 100% of aluminium waste from window
frame scrap[17]. Here for calculations, we have used Al density as 2700 g-cm?3, initial particle radius
is 0.06 mm, Al molar mass 27 g-mol! and 1M NaOH electrolyte. As we can see the investigated
samples as HDC barely reaches over 12%, which is consistent with the reaction rate and sample
composition.

Table 5. Rection rate coefficient as calculated from the activity graphs.

H: generation (mL) Yield of the Reaction rate
Sample theoretical value  constant ks
(%) (mm/s)
RM 224 65.7 0.001
SOW 61 24.9 0.000107
HDC 56 12.7 0.000229

4. Discussion

Comparison to previously investigated samples indicates that these samples (SOW, RM, HDC)
are with much lower efficiency in comparison to previously used and plasma treated alumina scrap
samples. There are some experimental results on the composition of dross such as in works by [18],
where they reported dross content.

Their work was focused on electrochemical and various heating methods to produce Al-Si alloy
and Brown Fused alumina, where electrolytic process seemed to be much more efficient than the
conventional method. It is noteworthy that reported was not only the elemental composition but also
crystalline such alumina, silica, titania, and other oxides [18]. On the other hand, David and Kopac
work focused on milling dross for hydrogen production via Al-water reaction, where they reported
only elemental composition of dross. They reported higher hydrogen generation values after ball
milling the material and ascribed the increase to elements such as Ni, Zn, Mg as reason as those can
also release hydrogen via reaction with NaOH and water [19]. A in-depth summary of various
hydrogen producing materials such as Mg, MgCo, NisoAlso and others produced hydrogen, this work
encompasses various use-cases for Al-water reaction [20]. Contrary to results reported by Zhao et al.
where Ca presence was correlated to lower hydrogen yield [21], though Kup Aylikci et al.
investigated shredded cans and compared to Al foam with impurities as Mg, Ti and others,
investigated 1N and 2N NaOH electrolytes with added voltage to promote hydrogen production;
contrary to our previous findings [17] they didn’t see temperature influence on the production rate.
In addition, the maximum yield was reached at 5V and 2N NaOH, 750 mL from 2 g of aluminium.
They noted that impurities as Mg?* and Ca?* ions hinder hydrogen generation due to the affinity to
OH- ions [22]. Thus, the influence of Mg and Ca ions is not clear. At the same time we have seen that
other Mg and Ni containing materials can generate hydrogen via water reaction [23]. Alviani et al.
investigated hydrogen production in acidic environment pH ~1 and elevated temperature, the
environment of hot spring contains majority Cl-ions. In this work Al cutting chips (pure Al, size 5-30
mm length and 0.05 — 0.15 mm thickness) and Al black dross (Al content up to 23.5 wt% with particle
size around 63 um) was used. Reaction times from 6 to 144 hours, respectively. They reported
efficiency up to 100% of theoretical hydrogen generation within the experiment time [24]. Thus, it is
clear that the generated amount of hydrogen will depend on the type of dross, as similarly was shown
by Elsarrag et al. where landfilled dross is compared to secondary aluminium production dross,
respectively produced 30% and 40% of theoretical possible value considering Al content. They also
compared to other works, though, taking into consideration various primary aluminium scrap as
cans. The by-product of reaction included crystalline structures as NasAlsFi1, NasAlFs, Na2CasAl2F1s
AlOs for both materials at different ratios. After the Al-water reaction by-product of reaction this
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dross produced a and vy aluminium hydroxide as well as some leftover NasAlFs and alumina [25]. A
summary of elemental composition of investigated dross is seen in Table 6 compared to other works.

Table 6. Dross and Al composition comparison, quantitative and qualitative content analysis.

Source Al Cr Fe Ca Si Na K Cu Zn Ni Mg Ti Pb Sn Mn B C F O

[19]

43.3 0.088 432 045 109 08 021 117 09 0.87 1.85 0.27 0.053 - 02 -
[18]
73.05 - 091 279 713 5.78 9.26 1.08
[24]
56 12.7 0.000229
[25]
11.65 0.18 1.51 0.08 17.96 0.05 - - - 0.02
[25]
40.02 0.08 034 0.07 048 0.02 - - - 0.86
Al w1
[17] 943 - - 0.6 5.0 0.1
RM 29;19 ) i ) ) _ TraceTrace ) _ Trace ) i _ Trace Trace 13219
3046 -0.71 -0.1 -0.28 -5.70 - 1.98 5776
sow 19.11- ) Trace - Trace ) 4.75 - i i i ] ) ] 19;03 7._58
48.20 029 -0.29 18.96 53.76 27.74
HDC Trace
8.42-1.67 -
58.81 trace 0.24 29.20 trace 1.66 trace - - - T 1660 423

28.32
Composition of dross is directly dependent on the production cycle step that dross is created as
shown by Raabe et al. in an extensive investigation of alloy recycling pointing out there can be a
decreasing Al content from 90% to under 20% depending on the location of dross collection, as well

as extensive explanation on the sources of various elements [26]. It is important to reiterate that as
the dross can be collected from various processes and industries, primary and secondary aluminium
production, it will have substantial differences in elemental and crystalline composition; thus,
potential of generated Hz will vary. Even though there is an alternative use for dross such as shown
by Dangtungee et al. .investigating dross as plant fertilizers it still involved treatment with acids [27].

We see that investigation of hydrogen generation from dross as well as in-depth analysis of dross
has not been done as widely as pure aluminium investigation, even though there is a technical and
economic incentive to pursue novel options of dross utilization.

The activity of reaction stems from the composition and content of investigated samples in
addition to final use of generated gas; some dross produced pure hydrogen, on the other hand this
work identified other gasses as methane, nitrogen, COz which points to different end use. During TG
analysis we see multiple melting peaks indicating various components that are present in the sample;
no methane was identified /detected during the heating and TG analysis. On the other hand, samples
produce methane in the beginning of the hydrolysis reaction.

The hydrogen produced is classified as green hydrogen and depending on the dross type it could
be used for electricity production or can find other use cases. But the reaction parameters have to be
adjusted for the final goal, such as alkali concentration, as our previous investigation shows
concentration playing a crucial role in the reaction rate [17] as well as temperature.

5. Conclusions

In this work three dross samples from primary aluminium production were investigated and
tested for hydrogen production via direct hydrolysis with low concentration alkali solution.
Produced gas analysis was performed and reaction kinetics estimated. The results are compared to
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literature data and industry expected content of samples. It was shown that majority of composition
is somewhat coinciding with literature, but it is noteworthy that the composition of dross will
strongly depend on the industry, process and stage of production. It was identified that hydrolysis
reaction generated methane, thus, dismissing the use of dross for electricity generation via PEM FC,
but could be used with other FC, for example SOFC which requires large amount of heat, but that is
not a problem for aluminium industry and smelters.

Even though investigated dross samples have lower reaction efficiency compared to high Al
content waste from window frame - the option to produce green hydrogen show promise for material
that conventional utilization is highly complicated and energy demanding to recycle.

It’s important to further investigate the use of aluminium dross for water-dross reaction as it is
not fully clear what are the yields of such interactions or the impurity influence as literature provides
not only contrary models but the composition vary.
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