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a b s t r a c t

An advanced, eco-efficient “waste plus waste to hydrogen” method was developed for hydrogen gen-
eration and the simultaneous treatment of two types of waste generated from magnesium and brewery-
based industries via hydrolysis. The hydrolysis of Mg scraps was carried out using brewery wastewater
and the reaction was accelerated with acetic acid (aa) at different concentrations (0, 12, 18, 24 and 30 wt%
aa). The concentration of pollutants such as cyclortisiloxane-hexamethyle (C6H18O3Si3), which are
persistent in conventional wastewater treatment, was successfully reduced. After the hydrolysis of the
wastewater, 62.4% of chemical oxygen demand (COD) reduction and the complete colour removal were
observed. The highest hydrogen generation, about 0.99 NL/min (>60% H2 yield in 5 min), was observed in
the presence of 30 wt% aa concentration in the hydrolysis reaction. This study proposes an eco-efficient
hydrogen generation and waste treatment method as it simultaneously degrades pollutants and pro-
duces hydrogen utilizing Mg scrap waste and brewery wastewater without additional energy
consumption.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Water and energy are two of the most important issues of to-
day’s world. A lot of research has been done or is in progress to
improve water and wastewater treatment technology. In addition,
there have also been efforts to utilize waste as a source of energy
which, at the same time reduces pollution. Most of the water from
natural sources is polluted due to wastewater as a consequence of
industry. Many different chemicals are discharged into the aquatic
environment through industrial activities which pose a risk to
human health and the environment. Some of them are persistent,
toxic and partly biodegradable; hence, they are not easily removed
in conventional wastewater treatment plants (Patwardhan, 2017;
Akbarzadeh et al., 2016). Therefore there is a need to develop an
eco-efficient method for the treatment of this kind of pollutant,
eh).
which can treat the wastewater efficiently and economically.
The brewing industry is water intensive and consequently

produces huge volumes of wastewater. The wastewater from these
industries also leads to soil pollution in the cases of inappropriate
treatment and land discharge (Pant and Adholeya, 2007). It is re-
ported that it can inhibit seed germination, reduce soil alkalinity,
cause soil manganese deficiency and damage agricultural crops
(Kannabiran and Pragasam, 1993; Pandey and Agrawal, 1994).
Various conventional and advancedmethods have been introduced
for the treatment of brewery wastewater (Simate et al., 2011;
Werkneh et al., 2019). The conventional biological treatment in-
cludes anaerobic treatment with recovery of biogas, followed by
aerobic treatment. However, some of the reported compounds in
this type of wastewater like phenolic wastewater (Herrmann and
Janke, 2001; Shah and Podriguez-Couto, 2019) are not readily
biodegradable and therefore cannot be removed conventionally.
Although several technologies have been suggested for brewery
wastewater treatment which are efficient, implementing them
such that they meet government environmental regulations is
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costly and relatively complex (Simate et al., 2011; Kanagachandran
and Jayarante, 2006). In addition, most of these available conven-
tional bio-hydrogen production methods need pretreatment
(Sharmila et al., 2020) which further complicates the process.
Moreover, the cost of energy causes concerns in addition to the
discharge of effluents to water bodies. The application of advanced
alternative treatment methods is necessary to meet environmental
legislation for wastewater discharge.

Apart from the importance of water, energy is another essential
factor. Economic, social and physical activities rely on the supply of
energy. Fossil fuels such as oil which are in use for supply of energy
are depleting, and in addition these sources of energy are not clean.
Although H2 can be produced using many techniques (Ni et al.,
2006), its production requires other sources. Therefore, finding a
sustainable alternative source of energy is necessary. These days,
hydrogen is considered a clean energy carrier that can be produced
by different methods and from different sources including fossil
fuels. Therefore, significant effort has been put into find the cost-
effective hydrogen production method (Celik and Yildiz, 2017).

Magnesium can produce hydrogen through hydrolysis when it
comes into contact with water (Uan et al., 2009). However, the by-
product of hydrolysis, Mg(OH)2, can cover the surface of metal and
then decrease the hydrogen generation yield. Considerable research
has been conducted to improve the yield of hydrogen production by
hydrolysis. Application of acids such as acetic acid, citric acid, nitric
acid and salts such as sodium chloride, can accelerate the hydrolysis
kinetic and hydrogen generation process (Uan et al., 2009; Kushch
et al., 2011).

Brewery wastewater contains chemical reagents such as weak
acids (Mielcarek et al., 2013) which can also act as a conditioning
agent to enhance the yield of hydrogen production; in addition it is
a source of water for hydrolysis. Producing hydrogen from brewery
wastewater has been proposed and practiced by many researchers
using different methods such as dark fermentation and microbial
fuel cell (Sharmila et al., 2020; Simate et al., 2011; Maintinguer
et al., 2017; Engida et al., 2020; Das and Mangwani, 2010). How-
ever, these methods are not cost-effective because they need
additional sources of energy. Additionally, these processes present
challenges as the wastewater contains toxic organic compounds
such as phenolic compounds which can be mutagenic, carcino-
genic, and are environmental endocrine disrupters (Ni et al., 2006;
Mohanakrishna et al., 2010; Chandra and Kumar, 2017).

Moreover, recently, recycling of magnesium, especially end-of-
life Mg products has become increasingly important because of
the increasing use of the metals in consumer electronics and in
transportation, since it is so lightweight, and thus improves fuel
economy (Uan et al., 2007). However, at present, recycling of all
low-grade Mg scrap is not economically possible. On the other
hand, as mentioned above, hydrolysis of Mg is a facile and cost-
effective hydrogen production method. Low-grade magnesium,
which is solid waste originating from industries that use metals
such as electronics and transportation, cannot be recycled
economically because of constraints in the refining technology
(Friedrich and Mordike, 2006; Bell et al., 2006). During the last
decade, however, H2 generation by hydrolysis of Mg-based mate-
rials such as Mg and MgH2 in pure water or at the presence of other
chemicals has been studied extensively (Grosjean and Rou�e, 2006).

Metals are considered as expensive non-renewable resources
which produce metal waste including magnesium. Recycling is a
cost effective and environmentally friendly method for the usage of
metals waste. However, because of the lack of proper refining and
recycling industries, recycling of low-grade Mg scraps is not
possible, and most of it is burnt or buried (Matkovi�c et al., 2014).
Recently, the production of hydrogen using Mg scraps has attracted
researchers’ attention, presenting an alternative to manage Mg-
based waste economically. Mg scrap is a potential source for
economical hydrogen generation.

Hydrogen is likely to become a main source of fuel in the near
future and to secure a sustainable H2 production and supply, a
renewable source for the production of H2 must be developed. This
is where the role of Mg waste for the production of high-purity
hydrogen can be utilized in concert with other industrial waste
such as brewery wastewater as a source of water. In addition, the
by-product of hydrolysis of Mg can be recycled and used for
different applications (Uesugi et al., 2010).

In this study, we have developed a novel waste plus waste
chemical hydrogen generation method for simultaneous waste
treatment and hydrogen production while utilizing two type of
waste from two different industries as the raw materials. The Mg
scrap was exposed to wastewater for the hydrogen generation
while partial treatment of wastewater occurred. The acetic acid (aa)
was used to enhance the hydrolysis kinetic. This advanced waste
plus waste treatment technology provides an innovative and eco-
efficient solution to three major industrial issues; Mg solid waste
mitigation, brewery wastewater treatment and hydrogen produc-
tion. Other studies have examined hydrogen generation from hy-
drolysis of Mg andMg-based scraps in citric acid-added seawater or
in aqueous solutions of NaCl (Uan et al., 2007, 2009). However, the
novelty of this study is additional reduction of organic pollutant in
brewery wastewater via a hydrolysis technique while producing
hydrogen. To the best of our knowledge, simultaneous pollutant
degradation and hydrogen production by hydrolysis using Mg
waste scraps has not been reported elsewhere.

2. Material and methods

2.1. Material

Mg scrap waved plates coupled with stainless-steel mesh (Fig.1)
were received from National Chung Hsing University, Taiwan. This
material was prepared and used by Uan and his colleagues for
hydrolysis to generate hydrogen from seawater with the additive of
citric acid (Uan et al., 2009). These plates were cut into smaller
pieces (weight of 3.8 g) used for hydrogen generation in hydrolysis
reaction experiment. Fig. 1 represents the photograph of Mg scrap
waved plates used for hydrogen generation in this study.

Acetic acid (60.05%) was purchased from Labchem, South Africa
and used with no further treatment. Wastewater samples were
collected from a local brewery in Johannesburg. The EC (Electro-
conductivity) and COD (Chemical Oxygen Demand) of the actual
brewery wastewater sample at pH 6.17 and temperature of 22.7 �C
were measured to be 3.09 S/m and 6130 mg/l, respectively.

2.2. Hydrogen production setup

Hydrolysis was used as the method for hydrogen production.
The hydrogen production set up reported earlier was used by
Adeniran et al. (2019). At the start of each experiment, the sample
of Mg scrap (3.8 g net weight) was placed inside the reaction vessel.
Brewery wastewater was used as a source of water and mixed with
aa for hydrolysis. All experiments were conducted in a water bath
set at 50 �C.

To study the effect of different experimental conditions, three
different parameters, aa concentration, solution volume and pres-
ence of stainless steel mesh, were varied as is shown in Fig. S1; see
Supplementary Material. The hydrolysis experiments were con-
ducted with 50, 100 and 200 ml wastewater solution, respectively,
to ascertain the impact of water/acid to substrate ratio on hydrogen
yield. Various concentrations of aa in wastewater) were examined
for hydrogen yield, namely: with aa concentrations of 12,18, 24 and



Fig. 1. Mg scrap waved plate coupled with stainless-steel mesh (top) and the cut Mg
scrap plate (bottom left) and stainless-steel mesh (bottom right).
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30 wt%. When studying the effect of stainless-steel mesh on
hydrogen generation, the investigated samples included: (a) a 4.8 g
piece of the as-delivered Mg scrap, or (b) a piece of the Mg scrap of
the same gross weight after removal of the stainless steel mesh (1 g
in the weight). In all the experiments, the net weight of the Mg-
containing sample was 3.8 g.

More details about procedure of the hydrolysis experiments is
presented in Supplementary Material, Fig. S2 and comment
thereafter.

2.3. Characterization of Mg scrap

To study the phase composition of used material and the by-
product, X-ray diffraction (XRD) characterization was carried out
for Mg scrap before hydrolysis and Mg scrap residues after hydro-
lysis. A Bruker AXS D8 Advance instrument (USA) was used and the
patterns with a Cu Ka (l ¼ 1.5406 Å) radiation were taken over the
diffraction angle (2q) range of 10e90�. Scanning electron micro-
scopy (SEM) was carried out for the samples before and after hy-
drolysis using a Vega 3 Tecan scanning electron microscope
operated at 20 kV accelerating voltage using a secondary electron
detector. The elemental composition of the Mg scrap and its re-
sidual were ascertained using elemental energy dispersive x-ray
spectroscopy (EDS) coupled with SEM.

2.4. Characterization of wastewater

The pH and electrical conductivity (EC) of the solution were
measured at ambient temperature (22.7e22.9 �C) using a Hanna
Instruments multifunction portable EC meter (USA). The chemical
oxygen demand (COD) concentration in the wastewater before and
after hydrolysis weremeasured using the closed reflux colorimetric
method (DR3900). Fourier transform infrared spectroscopy (FTIR)
of the samples was applied in the range of 400e4000 cm�1 by a
diamond ATR fitted FTIR. The FTIR allows the characterization of a
chemical structure by identifying the functional groups present in
each sample. The GC-MS analysis of the samples (aa solution,
wastewater, wastewater þ aa) was done using a Shimadzu QP2010
Ultra mass spectrometer interfaced to a gas chromatograph in
splitless injection mode. Scanning was done for 35 min with the
scan rate of 2 scans per second and the component identification
was achieved with Shimadzu post run software and NIST mass
spectral library.

3. Results and discussion

3.1. Characterization of Mg- scrap before and after hydrolysis

Fig. 2 a1 shows SEM images of the Mg- scrap and the corre-
sponding EDS spectrum is presented in Fig. 2 a2. As can be seen
from Fig. 2 a2, the major component of the scrap is magnesium,
with impurities of aluminium and silicon. Noticeable amounts of
carbon (due to contribution of the sample holder) and oxygen (due
to sample oxidation) are also clearly seen. The estimation of
amounts of the components in the bulk sample (when taking into
account carbon and oxygen) yielded 1.4 wt% Si, 10.1 wt% Al and
88.5 wt% Mg. The latter value corresponds to 3.36 g Mg in the
sample taken for the hydrolysis (m ¼ 3.8 g without stainless steel
mesh).

Rietveld refinement of XRD pattern of the as-received Mg scrap
(see Fig. 3) showed that the major phase (>90 wt %) has Mg
structure (space group P63/mmc, #194) but with lower lattice pe-
riods and unit cell volumes than the values reported for pure Mg
(a ¼ 3.2095 Å, c ¼ 5.2107 Å, V ¼ 46.4858 Å3 (Von Batchelder and
Raeuchle, 1957). It is caused by the substitution of Mg (atomic
radius R ¼ 1.50 Å) with the smaller atoms of Al (R ¼ 1.25 Å) in the
MgeAl solid solution phase. Furthermore, the quality of the
refinement significantly improved when assuming the presence of
several MgeAl phases with close but different lattice periods. Fig. 3
illustrates this feature assuming presence of two phases: MgeAl (1)
(43.8 wt%; a ¼ 3.19336(6) Å, c ¼ 5.1897(2) Å, V ¼ 45.832(2) Å3) and
MgeAl (2) (46.5(1) wt.%; a ¼ 3.17686(7) Å, c ¼ 5.1676(2) Å,
V ¼ 45.166(2) Å3). Comparison of the observed values of the unit
cell volumes with literature data (Von Batchelder and Raeuchle,
1957; Hardie and Parkins, 1959; Saccone et al., 2002), which
shows a linear dependence of the unit cell volume for MgeAl solid
solutions on the content of Al (0e10 at. %), allowed us to calculate Al
concentrations in the Mg-rich phases in the sample to be 4.1 and
8.3 at.% Al, for the phases MgeAl (1) and MgeAl (2), respectively.
The studied sample also contained 9.7(1) wt.% of g-Mg17Al12 (space
group Ie43m, #217) with calculated lattice period, a ¼ 10.5791(4)
Å, close to the value reported in the literature (Saccone et al., 2002).

Quantitative estimations on the basis of the XRD results show
that the overall content of Al in the studied sample was about
12.2 wt%, and the weight of Mg in 3.8 g sample taken for the hy-
drolysis was of 3.34 g which corresponds well to the EDS results.

As can be seen fromFig. 4, the interaction of compact pieces ofMg
scrap with solutions of aa in brewery wastewater results in disinte-
grationof the samples and theirdissolutionwhichgenerally increases
with the increase of the aa concentration. The residual of Mg scrap
(starting weight 3.8 g for the each hydrolysis experiment) after its
hydrolysis with 100 ml of wastewater solution containing 30, 24, 18
and 12% aa hadweight of 0.18 (b; 4.7% of the startingweight), 0.58 (c;



Fig. 2. SEM micrographs of (a1) Mg scrap before hydrolysis, (b1) Mg scrap residual after hydrolysis with wastewater containing 24% aa (the length of scale bars are equal to
200 mm), (a2) EDS spectrum of a1, and (b2) EDS spectrum of b1.
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15.3%), 2.5 (d; 65.8%) and 1.2 g (e; 31.6%), respectively.
SEM images in Fig. 2, show that during hydrolysis the compact

pieces of Mg scrap (a1) were disintegrated into fine particles (b1).
Obviously, the defragmentation of initial pieces of the Mg scrap
facilitates its contact with the hydrolysis solution by creating new
solid e liquid interfaces and thus promoting further hydrolysis. It
also can be seen from Fig. 2 (compare a2 and b2) that hydrolysis
results in the drop of Mg concentration in the solid residue along
with significant increase of the concentration of carbon, oxygen and
aluminium, as well as the appearance of trace amounts of other
elements (Mn, Zn, Cu, Fe) not detected in the sample before the
hydrolysis.

The observations described above allow us to conclude that
hydrolysis reactions under experimental conditions result mainly
in the dissolution of Mg, according to Reactions 1 and 2 (see section
3.2 below). Accordingly, the deposit will contain insoluble com-
pounds (hydroxides or acetate hydroxides) of Al or AleMg.

Indeed, the main phases identified on the XRD pattern of the
residual after hydrolysis (see Fig. 5) were aluminium acetate hy-
droxide, Al(OH)(CH3COO)2 (Xavier et al., 1998); structure not re-
ported) and Al(OH)3 (bayerite; space group P121/c1, #14 (Rothbauer
et al., 1967). The third phase, most probably, relates to mixed
magnesium-aluminium acetate hydroxide hydrate, (Mg,A-
l)(OH)(CH3COO)2*xH2O, with a structure similar to magnesium-
aluminium carbonate hydroxyl hydrate (hydrotalcite; space group
P121/c1, #14) (Radha et al., 2007). It was noted that hydrotalcite-like
compounds, or anionic clays, are layered double hydroxides formed
bya stacking of positively charged sheets (which containMg2þ, Al3þ

andothercations, togetherwithOH� anions) separatedby interlayer
spaces containing solvated anions (CO3

2�, Cl�, organic anions)
(Radha et al., 2007; Adachi-Pagano et al., 2003). Frequently, these
compounds are formed as a result of hydrolysis (Adachi-Pagano
et al., 2003). Similarly layered structures were shown to be formed
by aluminium acetate hydroxide macromolecules (Sui et al., 2018).

3.2. Hydrogen generation via hydrolysis

The interaction of Mg with water can be described as:

Mg þ 2H2O / Mg(OH)2 þ H2 (1)

According to Reaction 1, 1 g of Mg metal is able to generate 0.92
NL H2, at the minimum (stoichiometric) amount of water of 1.48 g.
Therefore, the theoretical H2 generation for 3.8 g of Mg is 3.496 NL,



Fig. 3. Rietveld refinement of the XRD pattern of Mg scrap before hydrolysis. Points e
observed, red line e calculated, blue bottom line e (observedecalculated). Bottom
labels correspond to peak positions of the identified phases. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 4. Mg scrap before (a) and after (bee) hydrolysis reaction with 100 ml solution of
aa in brewery wastewater, with concentrations of 30% (b), 24% (c), 18% (d) and 12% (e).
The residuals (bee) were recovered after 1 h of the hydrolysis reaction.

Fig. 5. XRD pattern of the residual after 1 h hydrolysis of Mg- scrap with 100 ml 24%aa.
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however, as shown by EDS and XRD (Section 3.1), the weight per-
centage of Mg in the bulk scrap is 88.5% and consequently the
theoretical H2 value will be 3.10NL.
Fig. 6. Effect of aa concentration of on H2 generation volume (1,2,3 & 4 for 12, 18, 24
and 30 wt% aa) and flowrate (5,6,7 & 8 for 12, 18, 24 and 30 wt% aa) using Mg scrap and
brewery wastewater.
3.2.1. Effect of aa on hydrogen evolution by hydrolysis of Mg scrap
and brewery wastewater

In this study aa was used to accelerate hydrolysis of Mg for
hydrogen generation and to avoid the formation of a passivation
layer. Reaction 2 represents the interaction of aa with magnesium
hydroxide which forms the passivation layer:

Mg(OH)2þ 2CH3COOH / Mg(CH3COO)2 þ2H2O (2)

In fact, presentation of hydrolysis of magnesium in aa solutions
as Reactions 1 and 2 is a convenient simplification of the balance of
real process which involves a large number of steps related to
charge and mass transfer between aqueous solution, H2 gas and
their interfaces with several solid phases. Thus the overall reaction
kinetics will be very sensitive to the variations of external condi-
tions (first of all, concentration of the acid in the solution) which
may change the rate-determining step (Casey and Bergeron, 1953).

Fig. 6 shows hydrogen generation from 3.8 g of Mg scrap, with
different concentrations of aa (12, 18, 24 and 30 %aa) added to
wastewater with total solution volume of 100 ml. It could be
observed that within the first 5 min the amount of produced
hydrogenwas equal to 0.7,1,1.5 and 2 NL for the aa concentration of
12, 18, 24 and 30 wt% respectively.

As discussed, aa improves the kinetics of the hydrolysis. The
performance of hydrolysis in terms of hydrogen generation rate
was as follows: 30 z 24>18 > 12 wt% aa. Within the first 2 min,
hydrolysis at the presence of 24e30% aa had the fastest kinetic of
the hydrogen generation. Thus higher aa concentrations accelerate
hydrogen evolution from the Mg scrap. Less pronounced kinetic
improvements at aa concentrations above 24 wt% may have their
origin in the inhibition of the process due to modification of its
rate-limiting step in the concentrated solutions (Casey and
Bergeron, 1953).
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The effect of the solution volume (12 wt% aa) on hydrogen
generation is illustrated by Fig. S3 in Supplementary Information.
As can be seen, with the increase of solution volume at the same
amount of Mg scrap, the flow rate and the volume of H2 generation
also increase. The amount of H2 released during 15 min in the case
of the 200 ml solution was about 0.88 NL compared to 0.67 NL for
100 ml solution and 0.65NL for 50 ml solution. Interestingly, it
could be observed that the hydrogen yield achieved after 60min for
200 ml wastewater with 12% aa concentration was 2 NL (Fig. S3,
curve 3) and was approximately equal to the H2 yield produced by
100 ml wastewater with 30% of aa (Fig. 6, curve 4). It clearly in-
dicates that the increase of the wastewater volume could reduce
the usage of aa. However, hydrogen release during the first 5 min in
100 ml wastewater with 30% of aa was faster than in 200 ml
wastewater with 12% aa.

Fig. S3 also shows that the reaction begins spontaneously and
after the first few minutes of ww contact with Mg scraps a steady
evolution of hydrogen gas (H2) takes place.

The effect of stainless steel mesh on H2 generation was also
studied using 200 ml of wastewater containing 12 wt% aa solution
(see Fig. S4 in Supplementary Information). Initially the kinetic of
the reaction was slightly faster in the presence of stainless steel
mesh, however, after 15min of hydrolysis, the hydrogen generation
rate increased for the Mg scrap sample without metallic mesh
(Fig. S4). Therefore, there was no significant difference between the
H2 generation using scrap with and without metallic mesh, as
clearly shown in Fig. S4. The remaining hydrolysis experiments
were carried out without stainless steel mesh.

The results of hydrogen generation via hydrolysis changing
different variables have been summarized in Table S1 presented in
the Supplementary Information.

Taking into account the amount of Mg used in each experiment
(3.8*88.5/100 ¼ 3.363 g) and stoichiometry of Reactions 1 and 2,
their completion accompanied by the release of 3.10 NL H2, as
mentioned above, requires 4.99 g of H2O (Reaction 1) and 16.62 g of
CH3COOH (Reaction 2). As can be seen from Table S1, different ex-
cesses/shortages of the aa as compared to the stoichiometry of Re-
action 2 (from 63.9% shortage to 80.5% excess) were tried in the
hydrolysis experiments. The variation was for the identification of
the influence of the excess/shortage of the aa as compared to the
stoichiometry of Reaction 2, since for all the cases thewaterwas in a
high excess (10x to 40x) as compared to stoichiometry of Reaction 1.

Fig. 7 shows dependence of the reaction yield after 15 min of the
hydrolysis (a) and the maximum rate of H2 evolution (b) on the
shortageorexcess of the aa in the reaction solution (Table S1). Aclear
correlation shown by dashed lines can be seen. The irregularities
weremostly observed as negative deviations from the general trend
and included: (i) lowering hydrogen yield in the concentrated so-
lutions (Fig. 7a), aswell as slowing the kinetics down (ii) at the lower
aa concentrations and/or (iii) when the solution volume increased
(Fig. 7b). These features can be explained by the changes of the re-
action mechanisms including limitations of the solubility of the
magnesium acetate formed during Reaction 2 (i), longer diffusion
pathways in higher solution volume (iii) and the acceleration of the
surface processes at higher aa concentrations (ii).

3.2.2. Effect of hydrolysis on wastewater treatment
To evaluate the efficiency of the method for simultaneous

hydrogen production and wastewater treatment, the actual
wastewater from a brewery industry was used and wastewater
samples before addition of acid, after addition of acid and after
hydrolysis reaction were characterized by COD, EC, and pH. The
effect of hydrolysis on wastewater characteristics has been shown
in Table 1. It could be seen that the COD of wastewater reduced by
62.4% which is a significant reduction while hydrogen was
produced via hydrolysis. The EC of wastewater was increased due to
the formation of magnesium acetate which is an ionic compound
soluble in water thus increasing the electroconductivity of the so-
lution. The pH of solution after adding aa quickly reduced to 1.9 but
this was increased to 4.11 after hydrolysis reaction. However, it
remained acidic indicating the acid was not consumed completely.
The wastewater became clear after hydrolysis as can be seen from
Fig. 8. The disappearance of opacity could not be due to the addition
of acid only because wastewater became clear after the hydrolysis
reaction and not after the addition of acid; this also can be
explained by degradation of phenolic compounds which was found
through GC-MS (see Supplementary Information; Fig. S5eS10).

Fig. 9 shows the recorded FTIR spectra for untreated wastewater
(ww), acetic acid(aa), as well as wastewater after 30 min-long hy-
drolysis of Mg scrap with 12, 18, 24 and 30 wt% aa solution in the
wastewater (ww12aa, ww18aa, ww24aa, ww30aa, respectively).

In ww spectrum the peak located at 3307 cm�1, which was
observed in all samples except aa, was shifted to the lower wave-
number after hydrolysis and the intensity reduced by increasing aa
concentration which indicates reduction in OH groups (Dolphen
and Thiravetyan, 2011). These results are in agreement with the
GC-MS and COD results (Supplementary Information; Figs S5eS10)
as the reduction in GC-MS spectra and COD concentration were
observed after the hydrolysis.

The absorption due to amide at 1638 cm�1 also decreased dur-
ing hydrolysis, which almost disappeared after hydrolysis reaction
and indicates the removal of amide. After hydrolysis, the peak at
1545 cm�1 in the spectrum of the brewer’s wastewater increases
which represents the C]C bond in the aromatic rings of lignin. The
characteristic bands at 1415 cm�1 can be attributed to the CH3
asymmetric (asym) deformation which could be observed in the aa
sample as well. This shows the presence of aa in the wastewater
sample even before the addition of aa and hydrolysis reaction. The
disappearance of opacity of the sample (Fig. 8) could be explained
by increasing the CeH peak and the reduction in NH2 or amide
peaks (Chandra and Kumar, 2017; Aoyi et al., 2017). The band at
1260 cm�1 in the samples after hydrolysis indicates the formation
of SieCH3 group (Launer, 1987), which is in accordance with the
finding through EDS (Fig. 2) and confirms the presence of Si. The
appearance of peaks at 1200 cm�1 and 1022 cm�1 in the samples
after hydrolysis reaction may indicate CeH deformation and CeO
stretching, respectively, which can be observed in the FTIR spec-
trum of aa too. A band at 894 cm�1 was developed by increasing aa
concentration which represents the hydrogen-bonded OH- defor-
mation in carboxyl groups (Chandra and Kumar, 2017).

GC-MS analysis of compounds was carried out for all samples
including pure aa solution and wastewater without aa before hy-
drolysis and waste water samples with varied aa content after hy-
drolysis (Table 2, Figs. S5 to Fig. S10 in Supplementary Information).
The main peak of aa was at retention time of 12.443 min. The GC-
MS chromatogram of the samples shows several peaks with
different areas and intensities, out of which threemain peaks of the
compounds were detected for wastewater before and after hydro-
lysis reaction. The first peak with highest area is determined to be
Oxime-methoxy-phenyl (C8H9NO2) which is a phenolic compound,
pollutant A. Phenolic compounds generally can be found in brew-
ery and distillery wastewater, and these compounds are resistant to
conventional treatment methods. The quantities of methoxy-
phenyl oxime which is a weak oxygen phenolic acid decreased
with an increase in the concentration of the aa added. The second
peak indicated to be cyclortisiloxane-hexamethyle (C6H18O3Si3),
pollutant B, which is an organometallic compound. The presence of
Si in Mg scrap was confirmed by EDS which consequently led to
formation of C6H18O3Si3. Hexamethyl cyclotrisiloxane (pollutant B).
This is a persistent organic compound which showed an increase in



Fig. 7. Dependencies of H2 yield after 15 min of the hydrolysis (a) and maximum H2 generation rate (b) during hydrolysis of Mg scrap on the amount of aa in the reaction solution
related to stoichiometry of Reaction 2: <0 e shortage, 0 e stoichiometric, >0 e excess. Data labels show aa concentration in wt% (numerator) and volume of the reaction solution in
ml (denominator). The dashed trend lines are plotted to guide the eye.

Table 1
Characteristics of wastewater before and after hydrolysis.

Characteristic Wastewater before hydrolysis Wastewater after addition of aa Wastewater after hydrolysis

pH 6.17 1.90 4.11
EC (mS) 3.09 1.25 3.57
COD (mg/l) 6130 2356 2304

Experimental conditions: 1-h hydrolysis, 100 ml of wastewater containing 30% aa, at 50 �C, 3.8-g Mg scrap.

Fig. 8. Photograph of brewery wastewater before addition of aa (left) and after (right)
hydrolysis reaction.

Fig. 9. FTIR spectra of brewer’s wastewater (ww), aa (aa), acidified hydrolyzed ww
with 12, 18, 24 and 30% aa (ww12aa, ww18aa, ww24aa, ww30aa).
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concentration with the addition of 12e18%aa, however this
pollutant reduced significantly (by 62%) with the addition of 30%aa.
As the amount of aa becomes above 18% (in excess) the amount of
pollutant B decreases significantly. Pollutant C, trimethyl benzal-
dehyde, which is a phenolic aldehyde is not affected by aa dosages/
hydrolysis as the concentration remains almost the same. Other
peaks were relatively negligible compared to these three com-
pounds. The changes in the area percentage of Oxime-methoxy-
phenyl (Pollutant A), cyclortisiloxane-hexamethyle (Pollutant B)
and Trimethyl benzaldehyde (pollutant C) have been shown in
Table 2 and Fig. 10. These peaks were not observed in the aa sample.

As can be seen, by increasing the percentage of the aa, con-
centration of pollutants A and B change in the solution. Oxime-
methoxy-phenyl (pollutant A) was reduced steadily by increasing



Table 2
GC-MS analysis results for samples before hydrolysis and after hydrolysis with different concentration of aa.

% aa Sample Name % Area of pollutant A (Methoxy-phenyl oxime) %Area of pollutant B (Hexamethyl cyclotrisiloxane) % Area of pollutant C (Trimethyl benzaldehyde)

0 ww 66.11 14.11 3.53
12 ww12aa 48.20 20.34 2.94
18 ww18aa 46.46 29.97 3.12
24 ww24aa 30.49 11.09 3.40
30 ww30aa 19.61 5.33 3.40
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aa concentration while concentration of cyclortisiloxane-
hexamethyle (pollutant B) was increased with the increase of aa
concentration up to 18% but when increasing to 24% aa its con-
centration reduced, and in 30% aa it reduced to the initial con-
centration. It seems there is a specific optimized amount of aa
which produces the best results. Since the wastewater contains
different types of organic matters and sometimes the reaction be-
tween organic matters and aa could be different at different con-
ditions/concentrations, which sometimes may lead to a reverse
reaction. It shows that if the optimum percentage of aa is used in
the hydrolysis, it avoids the formation of persistent compounds.
There are intermediate products peaks which were observed in
samples indicating the degradation of organic compounds in the
wastewater during the hydrolysis process in the presence of aa.

The GCMS analysis reveals that the hydrolysis process at the
presence of aa was successful for degradation of oximes by 70%.
This indicated that the degradation of major toxic phenolic com-
pounds had occurred. It also revealed that at the optimum con-
centration of 30% aa it does not produce or increase any persistent
compound.

Everything taken into account, aa, magnesium ion and its hy-
drolyzed hydroxyl complexes as well as freshly produced Mg(OH)2
during the hydrolysis contributed to wastewater treatment. The
COD could be reduced by reaction of aa with organic compounds
present in wastewater and breaking/converting them to the new
compounds with lower COD, as could be confirmed by GC-MS re-
sults before and after addition of aa (Supplementary Information;
Figs S5eS10). Furthermore, Mg(OH)2 is a by-product of hydrogen
generation in hydrolysis. It has been reported that freshly produced
Mg(OH)2 could act as a coagulant to remove the particles and
Fig. 10. Changes in the area percentage of Oxime-methoxy-phenyl (pollutant A),
cyclortisiloxane-hexamethyle (pollutant B) and Trimethyl benzaldehyde (pollutant C)
after hydrolysis reaction at different aa concentrations (0, 12, 18, 24 and 30 wt%aa).
turbidity of the wastewater (Huang et al., 2012). The magnesium
ion and its hydrolyzed hydroxyl complexes could also contribute to
coagulation.

The reduction of amount and concentration of aa used as an
accelerator of the hydrolysis reaction is a welcomed development,
but this also means the reaction could be incomplete and its ki-
netics will be sluggish. Furthermore, Mg scrap for hydrogen gen-
eration in this study was in compact, not powdered form, and this
will further slowdown the reaction kinetics. The results of this
study will help to further optimise the hydrolysis process in the
future to achieve acceptable reaction yield and kinetics at the
minimised amounts of the reaction solution and concentration of
aa therein. The reactor configuration could be another factor to be
optimized in future study. The optimization and cost analysis are
suggested as next steps towards scaling up the process.

4. Conclusions

For the first time, the brewery wastewater solution was used as
a source of water for hydrolysis for hydrogen generation using Mg
scrap in the presence of acetic acid as an accelerator. The yield of H2
and the rate of hydrolysis were shown to correlate with the
shortage or excess of the acetic acid as compared to stoichiometry
of its reaction with Mg(OH)2 formed at the beginning of the pro-
cess. The control of the stoichiometric ratio was achieved by
adjusting the amount of wastewater and concentration of acetic
acid. The study reported the highest hydrogen yield (up to 66.4%)
within the first 5e15 min of the reaction when the excess of the
acetic acid was higher than 44.4%.

When the hydrolysis reaction was incomplete, it resulted in
preferable dissolution of Mg while the remaining insoluble deposit
contained hydroxides or acetate hydroxides of Al or AleMg.

COD of wastewater was reduced by 62% after hydrolysis and
consequently therewas a reduction of organic matter. Furthermore,
FTIR and GC-MS analyses confirmed the degradation of organic
compounds simultaneously with hydrolysis process.

On the basis of the results of this study, hydrolysis of Mg scrap
using wastewater can be scaled up for utilization in breweries,
distilleries and similar industries for treatment of wastewater and
onsite hydrogen generation.
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