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Abstract: A combination of different physio-chemical treatment steps was applied to purify industrially
derived crude glycerol at laboratory scale. The full process included acid-base treatments, phase
separation, and adsorption, and the glycerol purity and recovery were optimized by varying the pH during
saponification and acidification, the solvent-to-glycerol ratio, and type of base used in the process to
enhance both. The testing campaign resulted in a final purity of up to 87% wt starting from a very low-
quality ‘end-of-life’ waste glycerol sampled from different refineries. The net glycerol recovery at laboratory
scale reached 42% of the initial glycerol in the feedstock and the maximum ash removal exceeded 90%
given the low quality of the feedstock and high content of impurities and the attempt to achieve high
glycerol recovery. The experiment showed that mild operations such as saponification with KOH (pH of 8),
acidification with H3PO, (pH of 6), an ideal 2-propanol to glycerol volume ratio equal to 3 and potassium
hydroxide as a base for the neutralisation step were the optimum conditions despite the differences
between samples. The sequence of the processes proposed was therefore considered a viable option

to treat any kind of crude glycerol to make it profitable for fuel and chemical applications. © 2024 The
Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John
Wiley & Sons Ltd.
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Introduction

aste-based biofuels play a major part in the

transition towards low-carbon transportation

and a net zero agenda. As second-generation
biofuels, they reduce the dependence on fossil fuels and
the impacts associated with the use of other forms of
biomass. Biodiesel production will progressively increase
up to a market volume of 200 billion USD by 2030 with a
compound annual growth rate (CAGR) of 8.3% from 2021
to 2030" and Europe aims to reach a 3.5% of prodcution
of advanced biofuels by 2030.> Advanced biofuels are
considered to be the same products as first-generation
biofuels but utilize waste-based, nonedible feedstocks that
are produced by second-generation biodiesel refineries.’
This has led to the trend of using waste feedstocks such as
tallow or used cooking oil instead of vegetable oils as these
feedstocks have increasingly become available. Biodiesel
production also involves a transesterification reaction of
fats with methanol, which yields glycerol as a byproduct,
containing several impurities, especially in the case of
waste-based feedstocks, due to the additional pretreatments
necessary to handle the waste material used as feedstock.*
Approximately, 10% wt of crude glycerol is produced as
a byproduct during the transesterification of fats with
methanol.” Hence, the biodiesel industry has become the
main supplier of the global glycerol market - often rich
in impurities — which is mainly incinerated,® used for
cattle feed,”® biogas™® generation or as carbon source for
lipid production,”'® or even transferred to landfill."* It
is assumed that by 2025 an annual quantity of 680000t
of second-generation, waste-based crude glycerol will be
produced.'?

Glycerol (C;HgO3), also known as propane-1,2,3-triol, is, in
its pure form, useful in the personal care and pharmaceutical
industries as well as for gasification.'!* Some of the
properties of pure glycerol are listed in Table 1.

Table 2 depicts the average glycerol composition generated
by the three primary reactions that yield crude glycerol.
These three main reactions are hydrolysis, which uses steam
to produce fatty acids and glycerol, saponification, which
uses sodium hydroxide to produce soaps and glycerol,
and transesterification, which uses methanol to produce
fatty acid metal esters (FAMEs) and glycerol. Typical
impurities in crude glycerol are water, ashes, and matter
organic nonglycerols (MONGs), which usually consist of
free fatty acids (FFA), FAMEs, glycerides (mono-, di- and
triglycerides), alcohols such as methanol or ethanol, and
soaps (saponified fatty acids, i.e. fatty acid salts),'® and other
organic compounds (e.g., aldehydes)."”
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Table 1. Main properties of glycerol at room

temperature.
Properties

Chemical formula C3HgO3
Molar mass (g mol™") 92.094
Appearance Colorless hygroscopic liquid
Odor Odorless
Density (g cm™) 1.261
Melting point (°C) 17.8
Boiling point (°C) 290
Solubility in water Miscible
Lower heating value (MJ kg™) 24
Refractive index (1p) 1.4746
Viscosity (Pa‘s) 1.412

Source: Values taken from Pal et al.'®

The lowest purity of glycerol is obtained by the
transesterification reaction (in biodiesel production),
which also yields the highest amount of ashes due to
alkali- and acid-based catalysts, which are used during the
biodiesel production and esterification of used cooking
oil. This is highly problematic because the inorganic
ashes act as major inhibitors in many biotechnological
applications'®™! and frequently poison the heterogeneous
catalysts of downstream chemical conversion units** or
clog up pipes in industrial processes leading to downtime
and incurring costs. A very high MONG content is
generated due to partially reacted glycerides, residual
FAME, or alcohol, which is used in the transesterification
reaction, reducing the glycerol content even further. The
usual pH value of crude glycerol in the transesterification
lies above 7 (close to 11) due to the use of alkali catalysts
such as sodium hydroxide, potassium hydroxide, or sodium
methoxide.”® It can also be acidic if a neutralization step
involving the crude glycerol has also taken place, as in the
case of low-cost, waste-based feedstocks.** Crude glycerol
purification technologies must therefore be explored
to find a suitable way to purify it and make the overall
biodiesel industry more economically and environmentally
sustainable.

In recent decades many researchers have been working
on glycerol purification.'** Remarkable purity has been
achieved by different means but information on glycerol
recovery is not provided in their studies due to the scale of the
experiments or the pressure to achieve very high purity. As a
result of this, the biodiesel industry has been very reluctant to
develop glycerol upgrading plants in presence of high ashes
content. The processes investigated for glycerol purification
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Table 2. Average crude glycerol composition by different production processes.

Component Transesterification (%) Saponification (%) Hydrolysis (%)
Glycerol 30-60 83-84 88-90

Ash 10-19 8.5-9.5 0.7-1.0
Water <10 6-7 8-9
MONG <40 3-4 0.7-1.0

involve a combination of acidification, saponification,
neutralization, and selective separation (using adsorption or
membranes), as reported in Table 3.

However, the separation sequence and results vary
significantly depending on the quality of the glycerol, which
varies, and types of impurities. For example, Hunsom et
al., Kongjao et al., Javani et al., and Manosak et al.7-*%3%*
sourced their crude glycerol from a second-generation single
feedstock biodiesel refinery - for example, used cooking
0il (UCO) - whereas Chol et al.!® sourced theirs from a
biodiesel refinery that used canola oil as feedstock so the
crude glycerol is much easier to purify. Isalmi Aziz et al.*®
Ahmad Farid et al.** have used lab-based synthetic glycerol
produced from the transesterification of UCO. Violeta et al.”
used crude glycerol from the Mexican Cleaner Production
Center of the National Polytechnic Institute. Dmitriev et
al.*® used crude glycerol from an industrial producer (OAO
Mogilevkhimvolokno in Belarus), which is utilizing rapeseed
oil as feedstock with lower ash content (3.8% wt). Nanda et
al.® tested crude glycerol from an industrial biodiesel refinery
with 70% wt MONG content (predominantly methanol) in
comparison with15.5% wt of MONG in this work (which
used only organic compounds and a negligible amount of
methanol). Chen et al.”” considered crude glycerol from a
biodiesel refinery as well; however, the biodiesel refinery
processes UCO exclusively with 2.3% wt ash content and very
high methanol and moisture content (15.3% wt and 24% wt,
respectively). Ningaraju et al.*! purified their glycerol up to
95% wt; however, their crude glycerol was received from a
biodiesel refinery that utilizes a single-waste feedstock such
as UCO, making the ash content much lower (3.95% wt) than
in the crude glycerol in this study (up to 11.64% wt). Some
crude glycerols tested in the literature®*”** present high pHs,
which signal no industrial pretreatment to recover valuable
compounds. Xiao et al.’* have purified crude glycerol from
Indiana Biodiesel, which uses the oil portion of soybeans.

There is a gap in knowledge regarding glycerol purification
using feedstocks that are more difficult to purify. Despite the
existing small laboratory-scale studies mentioned above, no
experimental demonstrations have been achieved with such
feedstocks, let alone operating plants. In particular when
the bio-waste feedstock includes heterogeneous sources,

and
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or when the operating conditions of the biodiesel plant are
seasonal, or multiple glycerol streams are available within
the same plant, the glycerol quality changes significantly in
quality and quantity over time, posing technical challenges.
No studies have been presented reporting comprehensive
process optimization, especially for low-quality glycerol
derived from biodiesel refineries using multiwaste feedstocks
(named ‘end-of-life’ glycerol). ‘End-of-life’ glycerol differs
from synthetic glycerol, pure crude glycerol from first-
generation refineries or glycerol derived from second-
generation biodiesel using single feedstock such as UCO.
Ash content is notably higher (>11% compared to 4-5%
reported in the previous studies provided in Table 3). The
MONG content is more heterogeneous because part of the
glycerol recovery has been carried out in post-treatment
steps (acidification, separation, etc.) on an industrial level
to recover FFAs and byproduct salts. Moreover, the glycerol
quality derived from animal waste is considered as ‘high
risk; and is thus not suitable as glycerol for the market and
is currently being disposed of at cost. These feedstocks are
among the lowest value, impure crude glycerol available
from the biodiesel supply chain. Their recovery has not
been presented yet in the academic literature, nor the
optimization and general methodology to treat different
highly impure low-quality feedstocks.

Unlike the other studies presented, the current work is
informative in terms of glycerol recovery because the process
testing and optimization variables are also relevant to reduce
valuable mass losses commonly ignored in literature. In this
study, the influence of different physio-chemical steps is
investigated to develop a systemic methodology that could
apply to diverse crude glycerol feedstocks. A custom design of
the experiment approach and response surface methodology
(RSM) are also used to optimize glycerol purity and ash
removal efficiency. The results of the process are presented
in terms of mass balance to provide industrially relevant
feedback on the strengths and weaknesses of the process
from the perspective of the process scale up. This study is
relevant for the chemical conversion of glycerol to sustainable
chemicals including succinic acid,*’ dihydroxyacetone*!
or fuels (as in the collaborative European project H2020
GLAMOUR)* starting with different qualities of feedstock.
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Table 3. Physio-chemical purification papers with crude and purified glycerol purities.

Author Year Purification route Crude Purified Remarks
glycerol glycerol
(% wi) (% wit)
Hajek et al.?® 2010 (Saponification)/neutralization/evaporation 51.3 85.1 Type of base: KOH
pH-saponification: n/a
Type of acid: HzPO,, HCI,
H,SO,4, CH;COOH
pH-acidification: 3/4
Chol et al.'® 2018 Saponification/acidification/anti-solvent 40.0 83.5 Type of base: KOH
treatment/(membrane)/(adsorption) pH-saponification: 12
Type of acid: HCI
pH-acidification: 1
Manosak et al.?’ 2011 Acidification/neutralization/anti-solvent 36.7 96.2 Type of acid: H3POy4, HoSOy,
treatment/adsorption CH3;COOH
pH-acidification: 1-6
Javani et al.?® 2012 Saponification/acidification/neutralization 40.6 96.1 Type of base: KOH
pH-saponification: >10
Type of acid: H3PO,
pH-acidification: 9.67, 4.67
Violeta et al.?® 2020 Neutralization/evaporation 22.9 98.5 Type of acid: H,SO,, CgHgO-
pH-acidification: 6
Kongjao et al.*° 2010 Acidification/neutralization/anti-solvent 30.3 92.9 Type of acid: H,SO,4
treatment pH-acidification: 1-6
Ningaraju et al.®! 2022 Saponification/acidification/neutralization 35-40 95.1 Type of base: KOH, NaOH
Anti-solvent treatment/adsorption Type of acid: H,SO,
pH-acidification: 8-2.5
Xiao et al.*? 2013 Micro-filtration/vacuum/evaporation/ 31.5-63.9 95.6 Type of base: NaOH
saponification/acidification pH-saponification: 11
Vacuum evaporation/micro-filtration/ Type of acid: HCI
extraction/neutralization/micro-filtration/ pH-acidification: 1
vacuum evaporation/extraction/micro-
filtration/acuum evaporation
Ahmad Farid et 2021 Saponification/acidification/anti-solvent 40.7 98.2 Type of base: KOH
al.®® treatment/adsorption pH-saponification: 12
Type of acid: HCI
pH-acidification: 1
Hunsom et al.3* 2017 Physio-chemical pretreatment (according to 27.2 93.0 Type of acid: H3PO,
Manosak et al.)/adsorption pH-acidification: 2.5
Hunsom et al.® 2013 Physio-chemical pretreatment (according to 27.2 93.0 Type of acid: H3PO,
Manosak et al.)/adsorption pH-acidification: 2.5
Isalmi Aziz et al.%® 2018 Acidification/adsorption 67.0 96.0 Type of acid: H3PO,
pH-acidification: 2.5
Chen et al.%” 2018 Acidification 31.8 55.0 Type of acid: H;PO,
pH-acidification: 2.5
Dmitriev et al.® 2018 Acidification 75.6 n/a Type of acid: H,SO,
Nanda et al.*® 2014 Acidification/neutralization/evaporation/ 13.0 96.0 Type of acid: H3POy, HoSOy,

solvent extraction/adsorption

HCI
pH-acidification: 1
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Further investigation from different authors who have used
different feedstocks are available in Attarbachi et al.*?

Materials and methods

Materials

Crude glycerol was supplied by three different biodiesel
refineries of Argent Energy Ltd. These refineries are in
the Stanlow, UK and Motherwell, UK and Amsterdam,
the Netherlands and could potentially cluster to deliver
a glycerol refinery. All of the biodiesel refineries utilized
waste feedstocks such as animal fats like tallow, UCO,
palm oil mill effluent (POME) and even worse feedstocks
such as sewage sludge or ‘fats, oils and greases’ (FOGs). All
feedstocks considered in this study are categorized as Cat 1
and Cat 2 animal by-products (ABPs), and are therefore not
saleable.** The reduced quality of this glycerol is dictated
by the transesterification downstream treatments that are
applied to the waste streams before they are sampled at
the biodiesel plant. After the transesterification, glycerol is
acidified to pH 3 and then sent into a tricanter to remove the
three phases of free fatty acids (FFAs) generated at the top
and salt at the bottom. Then, the glycerol layer is neutralized
to recover additional FFA. The residual methanol and
water are separated through distillation. Finally, the treated
glycerol is sent again through a tricanter to remove MONG,
salts, and the glycerol phase, which is stored separately. After
these steps, samples were collected with the composition
reported in Table 4 and used in this study.

The glycerol type, appearance, and composition differ
in each batch depending on which feedstock was used
to produce the biodiesel. This leads to different colors
(brownish, blackish), odors (pungent or pasture like), and
viscosities (high and low). Hence, the glycerol content ranged
from 30% to 65% wt. The list of other chemicals used in this
study is summarized Table 5.

Table 4. End-of-life glycerol feedstocks used for

the purification process and obtained from the
different processing refineries.

Composition Stanlow Motherwell Amsterdam
t=0

Glycerol (% wt) 60.74 45.67 62.59
Ash (% wt) 11.64 8.39 4.54
Water (% wt) 16.92 39.58 17.13
MONG (% wt) 10.7 6.36 15.74

pH 5.99 - 5.30
COD 931 - -

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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All experiments were conducted using a hot plate equipped
with a temperature controller. For the vacuum filtration, a
Buechner funnel was used with filter paper (particle retention
5-13 pm,) and a diaphragm pump. A pH meter was used to
conduct the experiments and subsequent analysis using a
temperature probe, and pH probe, which is specifically used
for experiments involving fats and oils.

Purification of crude glycerol

The purification process of crude glycerol is summarized in
Fig. 1. All experiments were conducted with 100g of crude
glycerol. Before any kind of treatment, the canister containing
the crude glycerol was mixed thoroughly to homogenize the
entire mixture, which could have been segregated over time
by gravity into salts and MONG layers, depending on the
composition.

First, a saponification step was carried out to convert
residual MONGs such as glycerides and fatty acids to fatty
acid salts (i.e. soaps) and glycerol. The pH was therefore
varied between 8 and 14 at a temperature of 60 °C for the
duration of 1h. The temperature decreased the viscosity of
the solution and made the pH measurements more accurate.
For the saponification stage, three different types of bases of
12.5mol L™! were used, namely sodium hydroxide, potassium
hydroxide, and solid calcium hydroxide. Compared to
previous study, solid calcium-hydroxide was also considered
according to the Chuang-Wei,* to remove residual inorganic
material from crude glycerol. Afterwards, the mixture was
allowed to cool down to room temperature for more than
20 min. This was followed by an acidification step where the
pH was varied between 1 and 6 using 85% phosphoric acid
as recommended in the literature.” The mixture was then
poured into a separation funnel and it was left to settle for
up to 24 h, depending on which base was used. Afterwards,
between two to three distinct phases were visible, namely a
top fatty acid phase, followed by a glycerol phase and a solid
phase consisting of precipitated salts. As the top fatty acid
phase does not always appear as a distinct separate phase, a
separation funnel was used to decant off the two latter phases.
The fatty acid phase could potentially be used as feedstock
for esterification in biodiesel reactors. The glycerol phase
was separated by means of vacuum filtration carried out
for a period of 2 to 4 h. The salt that was obtained could be
used potentially as fertilizer depending on the type of base
that is being used in the process. The polar glycerol phase
was obtained from vacuum filtration and neutralized using
the same type of base used for the saponification. After
the neutralization, 2-propanol was added to the mixture
at a ratio of 3-1:1 solvent-to-glycerol v/v. The addition of a
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Table 5. Chemicals used for the experimental runs and analytical measurements.

Purpose Chemical Supplier Product code Grade

Experimental Phosphoric acid ACROS Organics (Geel, Belgium) 201140010 85% aqueous for
analysis

Experimental Sodium hydroxide Sigma-Aldrich (St. Louis, MO, USA) 221465 ACS reagent; >97%
solid

Experimental Potassium hydroxide Honeywell FLUKA (Loughborough, UK) 019-002-00-8 ACS reagent; >85%
solid

Experimental Calcium hydroxide Scientific Laboratory Supplies CHE1490 >95% solid

(Notthingham, UK)

Experimental Powdered activated carbon = CHEMVIRON (Feluy, Belgium) WPS260-90 n/a

Experimental Propan-2-ol Fisher Chemicals (Loughborough, UK) P/7500/17 Analytical reagent
grade, >99.8%

Analytical Hydranal coulomat AG Honeywell FLUKA (Loughborough, UK) 34836 n/a

Analytical Sodium hydroxide Honeywell FLUKA (Loughborough, UK) 7139500.00 0.1N

Analytical Sodium metaperiodate Supelco, EMSURE (St. Louis, MO, USA) 1.06597.1000 ACS reagent, for
analysis

Analytical Sulfuric acid Supelco, TITRIPUR (St. Louis, MO, USA) 1.09074.1000 Titripur, 0.1 N

Analytical Ethylene glycol Fisher Chemicals (Loughborough, UK) BP230-1 >99%

Analytical Bromothymol blue Sigma-Aldrich (St. Louis, MO, USA) 114413 ACS reagent, 95%

Crude Glycerol

Potassium Hydroxide
Sodium Hydroxide
Calcium Hydroxide

Potassium Hydroxide
Sodium Hydroxide
Calcium Hydroxide

Activated Carbon

Neutralization
Anti-solvent
treatment

Phosphoric acid

2-Propanol

—'I 2-Propanol, Water |

Purified Glycerol

Figure 1. Crude glycerol purification process using a physiochemical route.

polar alcohol does lead to an anti-solvent treatment effect
which forces the precipitation of salts due to the alteration of
polarity (lower dielectric constant), which was present in the
crude glycerol. These salts were removed from the mixture
by means of vacuum filtration. Afterwards, the mixture was
evaporated for 2h at 115 °C to remove excess solvent and

water, followed by the addition of 10% wt (based on the
residual mass of the sample) of pulverized activated carbon,
type WPS260-90. The adsorption stage was operated at 60
°C for 2h. Afterwards, the mixture was vacuum filtrated to
separate the pulverized, loaded, activated carbon from the
glycerol mixture.
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Analytical methods
Mass determination

The glycerol, ash, water, and MONG were analyzed according
to British Standards. The glycerol analysis was conducted
using BS 5711-3:1979, which is technically similar to the

Ea 6-51 method of the AOCS and utilizes titration where
glycerol reacts with sodium periodate (NaIO,) in an

aqueous acid solution, producing formaldehyde and formic
acid. The formic acid is then used to quantify the glycerol
content. The ash content was analyzed using BS 5711-6:1979:
approximately 10 g of glycerol was placed in a crucible, heated
to self-ignition to remove volatiles, and then placed into an
oven (Nabertherm P300, Nabertherm, Tucson, AZ, USA)
heated to 750 °C for 10 min. This was followed by cooling

to room temperature over a period of 10 min and a further
15min inside a desiccator to remove excess moisture. For

the determination of the water content, the BS 5711-8:1979
was used, which utilizes a Karl Fischer titrator (Metrohm 899
Coulometer, Metrohm, Herisau, Switzerland). Finally, the
MONG content was determined by Eqn (1).

MONG (wt%) =100 — Glycerol (wt%) — Water (wt%)
— Ash (wt%) (1)

High-performance liquid chromatography
analysis

To validate the quantification of glycerol from titration, a
high-performance liquid chromatography (HPLC) method

was developed and used to quantify a more accurate value

of the crude and purified glycerol. High-performance liquid
chromatography equipment (Thermo Fisher Scientific Ultimate
3000, Altrincham, UK) with a refractive index detector (RID)
and the column Phenomenex 00H-0138-K0 (Macclesfield,

UK) was used. The mobile phase used was 1% wt formic acid
solution at a flow rate of 0.6 mL/min with the temperatures of
the column and RID being at 60 and 55 °C, respectively. The
injection volume in the HPLC was 10 pL per sample vial as
suggested in the literature.***” The analysis was conducted with
crude glycerol from the Stanlow biorefinery and also its purified
version. The information about the standard calibration and use
of the HPLC are reported in the Supplementary Information.

Optimization procedure

As glycerol purification performance depends on different
process parameters, a ‘design of experiment approach’ was used
to determine the best possible set of variables for the optimal
purification process instead of using the one-factor-at-time

© 2024 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.
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(OFAT) approach. A custom design was generated with three
distinct levels for each factor to assess the effect of different
variables using the response surface methodology (RSM) using
JMP software. Three continuous variables (=factors) and one
categorical variable (=factor) have been defined while other
factors were controlled or held constant. The first continuous
variable to vary was the pH of saponification (8-14), followed
by the pH of acidification (1-6) and the solvent-to-glycerol
volume ratio (3:1-1:1v/v). The categorical variable investigated
was the type of base used during the saponification and
neutralization. The reason for choosing chemicals such as
NaOH or KOH reflects the synergies between the purification
step and the catalysts used during the transesterification;
Ca(OH), has been chosen due to its potentially positive effect
of catalyst removal in crude glycerol according to Chiu et al.*®
In this study, the response factors were chosen as the glycerol
purity (2) and the ash content (3). In total, 24 runs were
conducted, which can be seen in Table 6.

mpuriﬁed ° WGZy,t:end )
Y Glycerol — 2
Meeed,t=0 ° wGly,t:()

1 mpuriﬁed ° WAsh,t:end ( )
Yash =1 — 3
Meeed,r=0 ® WAsh,t=0

Other variables of the analysis were not changed therefore
phosphoric acid has been used as acidification agent,*
hydrochloric acid, 2-propanol as solvent*® and the amount of
activated carbon for the adsorption process.”*%%

Results and discussion

Characterization of crude glycerol

As anticipated, the crude glycerol from waste-based biodiesel
feedstocks varied significantly leading to different results
of compositions. This has mainly to do with the various
feedstocks that were used at the different locations and how
the refinery was operated. Feedstocks with glycerol purities
down to 30% wt were possible, especially due to the higher
moisture (water) content of the feedstock, lowering the
viscosity of the entire mixture, or increasing the MONG
content and leading to the opposite effect. Furthermore, the
glycerol batches could differ in terms of viscosity, odor, and
color as can be seen in Fig. 2.

Here, Stanlow glycerol (Fig. 2, right) is a monophasic,
dark orange mixture with higher viscosity. Motherwell and
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Amsterdam glycerols (Fig. 2, left) are rather characterized as
emulsions between the polar glycerol, water, alcohol phase
and the nonpolar MONG phase. Generally, the pH of all
glycerols is approximately 5 due to the pre/treatment steps
of neutralization which have taken place in the biodiesel
refinery prior to being sent for further treatments.

Response surface methodology for the
optimization of the purification process:
model fitting and ANOVA

The custom design was used to find the optimum value
for the responses glycerol purity (Y1) and ash content (Y2)
based on four different varied factors, three continuous and
one categorical as reported in Table 6. The results of the
experiments are summarized in Table 7.

After conducting the 24 runs, the software fitted a model
with the following estimated parameters for the purity of
glycerol (Eqn 4) and the ash content (Eqn 5):

(A—11)
¥, =7516-188+ ( ——

+2.38e
2.5

+0.86¢(C—2)+D+ <(B—3-5)) . <<(B—3.5)>>
2.5 2.5

B-3.5
+<%>-((C—2)-(—o.46>) (4)
+(C—2)-((C—2)-(—1.43))+<(A_311)>-D
(B—3.5)
+<T>°D+(C—2)'D
Y,=9.87+0.51 AZID) g 59( B35
3 2.5
—0.74(C-2)+D+ <(B_3'5)) ( (3_3'5)> .0.04>
2.5 2.5
(B—3.5) (5)
5o )(C=2)+—=0.69)+(C-2)(C—2)+0.08)

+ <—(A_11)>D+ <—(B_3'5)>D+(C—2)D
3 25

The variables A, B, C, and D represent the pH of
saponification, the pH of acidification, the solvent-to-glycerol
ratio and the type of base used respectively. The ANOVA
results are shown in Table 8.

The large F-ratio shows that the differences between the
means of the response factor (glycerol purity and ash content)
for different combinations of the four variables are significant
and did not occur by chance. This indicates that at least one

Original Article: Waste-derived glycerol from biorefineries

of the four variables has a significant impact on the response
factors. The effect test in JMP shows the variables that have
the highest influence: type of base, pH of acidification,

pH of saponification, and lastly solvent-to-glycerol ratio.
Simultaneously, the p-values for both ANOVAs are below the
predetermined level of significance of 0.05 which confirms
that the results are significant. Furthermore, the coefficient of
determination is 0.96 for the glycerol model and 0.93 for the
ash model, which indicates the high suitability of the model.
The adjusted coeflicient of determination is lower but still in a
good range of R,4;=0.89 for the glycerol model and R,4;=0.82
for the ash model.

By sorting the results from lowest to highest glycerol purity,
it is clear that mild pH treatments with a high solvent-to-
glycerol ratio and potassium as a base are mostly preferable
for high glycerol content and low ash content. The reasons for
this are discussed below.

The influence of the pH of saponification
and the pH of acidification on glycerol
purity and ash content

The first effect investigated is the effect of the pH of
saponification and the pH of acidification on the glycerol
purity and the ash content. The resulting response surfaces
are depicted in Fig. 3 for the glycerol purity and for the ash
content respectively.

As can be seen, the glycerol purity increases by using
mild pH treatment, reaching its optimal value for a pH of
8 for saponification and a pH of 6 for acidification. The
aim of the saponification is to convert some of the MONG
components — mainly unreacted mono-, di- and triglycerides,
free fatty acids and fatty acid methyl esters - to saponified
fatty acids (SFAs) (also fatty acid salts or soaps), as indicated
by Eqns 6-8,%° by adding a strong base (here KOH) to the
mixture. Saponification is an endothermic reaction;™ the
temperature was increased to 60 °C according to Chol et al.,'®
to favor the reaction.

RCOOCH, + KOH — RCOOK + CH,OH  (6)

RCOOH + KOH — RCOOK + H,0 @)

RCOOR,_; + 3 KOH — 3 RCOOK + C,H,0; (8)

The sensitivity on the pH of saponification for the
purification of crude glycerol was not investigated by other
researchers.

These results differ from previous work by Ahmad Farid

l.33

et al.” where a pH of 12 was used during saponification. They
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Table 6. Customized design used to assess the influence of factors on response.

T Attarbachi, M Kingsley, V Spallina

Run pH - saponification pH — acidification Solvent:glycerol ratio Type of base
1 8 1 8 KOH

2 14 1 1 KOH

3 11 3.5 2 KOH

4 14 1 1 NaOH

5 14 6 3 NaOH

6 8 6 2.65 NaOH

7 11 6 1 NaOH

8 8 615 1 KOH

9 8 1 2 Ca(OH),
10 14 6 1 KOH

11 14 3.5 1 Ca(OH),
12 11 1 1 Ca(OH),
13 11 1 3 NaOH
14 14 6 2 Ca(OH),
15 11 B15) 2 KOH

16 14 1 3 Ca(OH),
17 8 6 3 KOH

18 11 3.5 2 NaOH
19 8 1 1 NaOH
20 8 3.5 3 Ca(OH),
21 11 6 3 Ca(OH),
22 8 6 1 Ca(OH),
23 11 615 2 NaOH
24 14 85 3 KOH

Figure 2. (left) Crude glycerol from Motherwell and Amsterdam plants; (right) crude glycerol from the Stanlow plant.
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Table 7. Summary of all 24 runs conducted, with the results for the glycerol purity (% wt), ash content

(% wt), and glycerol recovery (%). High purity, low ashes content and high glycerol recovery are shown in

green while the opposite results are reported in red.

Run pH - pH - Solvent:Glycerol Type of Glycerol purity Ash content Glycerol
saponification  acidification ratio base (% wit) (% wit) recovery (%)
4 14 1 1 Sodium 24.82
13 11 1 3 Sodium 66.95 35.08
18 11 3.5 2 Sodium 68.86 10.35 49.34
19 8 1 1 Sodium 69.53 11.3 31.96
5 14 6 3 Sodium 70.39 10.41 43.65
2 14 1 1 Potassium 71.72 9.46 24.47
16 14 1 3 Calcium 72.12 . 1222 2071
12 11 1 1 Calcium 72.59 10.02 18.82
23 11 3.5 2 Sodium 73.3 11.37 42.14
11 14 35 1 Calcium 73.41 1098 | 1586
8 8 3.5 1 Potassium 74.51 10.4 44.95
7 11 1 Sodium 75.21 11.8 42.38
10 14 1 Potassium 75.29 11.9 28.13
9 8 1 2 Calcium 5158 11.63 21.00
20 8 3.5 3 Calcium 76.12 8.39 18.48
14 14 6 2 Calcium 77.47 8.04 28.10
15 11 3.5 2 Potassium 77.69 9.59 46.16
24 14 3.5 3 Potassium 78.12 7.69 41.71
21 11 6 3 Calcium 78.14 8.12 27.84
11 3.5 2 Potassium 79.25 8.51 47.10
6 8 6 2.65 Sodium 79.71 834 6119
22 8 6 1 Calcium 79.96 8.56 34.11
17 8 6 8 Potassium 81.19 41.10
1 8 1 3 Potassium 717 40.42

Table 8. ANOVA results for the glycerol and ash
model.
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Analysis of variance

Source df Sum of Mean F ratio
squares square

Glycerol Model 14 4421122 31.5794 14.8604

Error 9 19.1256 2.1251  Prob>F
C. Total 23 461.2379 0.0002
Ash Model 14 65.0712 4.6480  8.3643
Error 9 5.0012 0.5557  Prob>F
C.Total 23 70.0725 0.0015

also differ from the work of Xiao et al.** who used NaOH to
operate at pH of 11, or Chol et al.'® who used crude glycerol
from industrial canola-based biodiesel production and
reached a final purity up to 75.4% wt. A first relevant outcome
of this optimization study on pH during saponification is
therefore the substantial reduction in required chemicals

because saponification is carried out at a pH of 8 without
compromising the final purity obtained in other studies. The
main reasons may be due to the slightly acidic properties of the
crude glycerol, as can be seen in Table 4, and due to the type of
base that was used and the type of MONG phase (short-chain
and long-chain acids, FAME) and other components such as
aldehydes or phenolic components, which are unsaponifiable.

In the process of acidification, soaps are converted into free
fatty acids and separated from salts according to Eqns (9) and
(10):

RCOOK + H;PO, & RCOOH + KH,PO, | 9)

3KOH + H,;PO, = K,PO,  +3H,0  (10)

The optimal pH obtained in this study is equal to 6, which
substantially agrees with the results obtained by Violeta
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Figure 3. Response surface for the glycerol purity (left) and ash content (right), varying the pH of acidification and pH of

saponification.

et al.*® This result conflicts with the work of Kongjao

et al.*® who found that a low pH during acidification
increased the UCO-derived glycerol purity at the expense

1> who achieved

of glycerol recovery, and Dhabhai et a
maximum purity at a pH for acidification of 3.5. These
differences can be explained by the different crude glycerol
feedstocks’ properties (primarily MONG content, initial
pH, and moisture), and the source of the crude glycerol. In
particular, acylglycerols may be more likely to form when
using industrially derived crude glycerol (as in this study)
due to the existence of various different short-chain and
long-chain fatty acids, which might react with glycerol.
This means that acidifying to a very low pH could lead to
a decreased purity and yield. Low pH during acidification
also increases the safety hazard and costs of purification
given the increased quantity of chemicals required and
corrosiveness.

Figure 3 shows a clear linear curve for the ash content,
which is comparable with the glycerol purity. One reason
for this is the fact that more severe pH levels during
the saponification and acidification add additional salts
to the mixture, which may not precipitate due to their
solubility in the glycerol or in the remaining water
content. The other reason is the extreme pHs, especially
during acidification, which may facilitate acid-catalyzed
esterification despite the low temperature, as reported
in the literature,”” due to high FFA, glycerol (acting as
alcohol) and excess acid, as confirmed by Violeta et al.*’
and Kongjao et al.*’
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The influence of the pH of saponification
and solvent-to-glycerol volume ratio on
glycerol purity and ash content

Looking at the glycerol purity and ash content and their
dependency on the pH of saponification (Fig. 4) and the
solvent-to-glycerol volume ratio an optimum value can be
found. At an increased solvent-to-glycerol volume ratio, the
amount of precipitated salts increases (lower ash content),
the final glycerol purity peaks at a solvent-to-glycerol volume
ratio of 2 and decreases slightly because the solubility of
salts decreases significantly when adding excess amounts of
solvent. This was also confirmed by Velez et al.,*® who studied
the antisolvent treatment effect using isopropyl alcohol
(2-propanol) as antisolvent. The effect becomes less significant
for NaCl and Na,SO4 when adding excess amounts of
solvent. However, the glycerol purity (as well as the recovery)
decreases following the same trend when solvent-to-glycerol
ratio increases above 2.5 due to the fact that during the
evaporation more glycerol compounds are removed and also
due to the higher amount of dilution with solvent.

In both cases, the influence of pH of saponification is stronger
than the influence of the solvent-to-glycerol volume ratio.

The influence of the pH of acidification
and solvent-to-glycerol ratio on glycerol
purity and ash content

The influence of the pH of acidification and solvent-to-glycerol
volume ratio on the glycerol purity and ash content can be seen
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Figure 4. Response surface for the glycerol purity (left) and ash content (right), varying the solvent-to-glycerol volume ratio

and pH of saponification.

in Fig. 5. A similar trend can be observed as in the previous
section. A lower pH during the acidification leads, in general,
to lower glycerol purity and a much higher ash fraction in

the final glycerol because of the esterification of glycerols to
glycerides takes place. This is confirmed in the literature.”” As
with the pH of saponification, the glycerol purity increases
mostly by using a solvent-to-glycerol volume ratio of 1.5-2:1
whereas a high solvent-to-glycerol ratio of 3:1 is the best choice
for the reduction of ash content in the glycerol.

Influence of type of base

According to the experimental results provided by the JMP,
the type of base used in the process for the saponification and
neutralization has the highest impact of all of the factors that
were investigated (Fig. 6). The best results have been achieved,
in general, with the use of KOH followed by Ca(OH), and,
finally, NaOH. The selection of the type of base depends on
the catalyst used in the transesterification reaction to produce
biodiesel since similar elements could have the common-
ion effect and the solubility of the salts in water and glycerol
which is generated during the acidification and neutralization
stage. The latter is also relevant for material handling within
an industrial setting where synergies between reactants can
reduce complexity and costs.

The biodiesel process generally applies either potassium or
sodium hydroxide to catalyze the transesterification reaction
from oils and fats and methanol to FAMEs and glycerol.

Hence, ionic compounds such as dissolved potassium or
dissolved sodium are present in the crude glycerol phase
as spent catalysts. To be able to achieve the removal of
these compounds, the common-ion effect is relevant. This
influences the solubility equilibrium in a mixture due to Le
Chatelier and Braun’s principle. The effect leads to a decrease
in solubility (or increase in jonic association of a certain
species) due to the addition of another soluble compound
containing an ion in common with the species. The glycerol
samples are derived from biodiesel refineries, which utilize
mostly potassium hydroxide and sulfuric acid as catalysts
for their operations. The crude glycerol contains mostly
dissociated ionic compounds of potassium and sulfur. The
use of potassium hydroxide is therefore more favorable to
form and precipitate salts during glycerol purification.*®
Furthermore, the solubility of the generated salts has a
significant influence on the ash content as different salts
have different solubilities in water as well as glycerol.
Potassium-based salts have a higher solubility than calcium-
or sodium-based salts in water due to their high polarity.
The addition of a polar solvent such as isopropyl alcohol
forces the precipitation of a large amount of salts due to the
antisolvent effect, making the salts insoluble in the solvent. It
also removes many of the potassium-based salts, which were
generated in the prior acidification stage. The main factor
is the dielectric constant of the solvent in this regard, which
is a measure of its polarity.”® The ideal solvent has a low
dielectric constant while simultaneously being polar enough
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Figure 5. Response surface for the glycerol purity (left) and ash content (right), varying the solvent:glycerol volume ratio and

pH of acidification.
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Figure 6. Graphical representation of the influence of the type of base on the ash and glycerol content.

to be miscible with water and glycerol to force a reduction in
the dissociability of salts (as in the case of isopropyl alcohol
compared to water).”*

Optimal purification route

The results obtained through the custom design and response
surface methodology were used to determine the best
possible set of factors to predict the highest glycerol purity
and lowest ash content, as discussed in the methodology
section. Figure 7 shows the prediction profiler with the

adjusted maximal desirability. The model predicted a final
glycerol purity of 81.8% wt and ash content of 7.05% wt.

To validate these results, a final 25th run was necessary,
which was conducted using the same feedstock as in the
previous runs, with the predicted conditions of a pH of 8 for
saponification, a pH of 6 for acidification, and a 3:1 solvent-
to-glycerol volume ratio. The resulting flowsheet can be seen
in Fig. 8 with the relevant mass balance of the entire process.

The result of the run under optimized conditions provided
a glycerol purity of 84.61% wt and an ash content of 6.53% wt.
These results were even higher than expected. Ash removal
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Figure 7. Prediction profiler of JMP, used to determine the optimum factor combination for the highest glycerol purity (% wt)
and lowest ash content (% wt).
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Purified Glycerol 28.4¢g 84.64 6.53 1.01 7.85

Figure 8. Flowsheet of the optimized crude glycerol purification process.

accomplished a remarkable 84.03% with a glycerol recovery taking into account the impact on glycerol recovery, which is
of about 40% considering the scale of the experiment (100 g relevant to assess the industrial feasibility of this purification
batch) and considering the exceptionally low quality of the process. Such optimization makes the overall study more
feedstock derived from a multifeed waste-based biodiesel challenging; however, it provides meaningful input for
refinery. process scale up and implementation.

Unlike all previous studies reporting glycerol purification, The glycerol recovery is strongly affected by the losses of
this work has optimized glycerol purity and ash content while liquid during the entire process (e.g. due to material that
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is sticking in the separatory funnels, beakers, or Buechner
flasks). Recovery of glycerol and MONG was limited to
36.85% because a large amount of MONG is recovered in the
plant and it has low methanol content.

As mentioned above, the custom-designed runs were
conducted using the feedstock from Stanlow as the base
scenario. To check whether the purification process can be
applied generally to other crude (waste) glycerols as well,
the same optimum factors of pH and glycerol-to-solvent
ratio were used to treat the glycerol from Motherwell and
Amsterdam. The flowsheets of both experiments can be seen
in the Appendix. Unlike the glycerol from Stanlow, the two
other feedstocks yielded a distinct top hydrophobic organic

Table 9. Final composition and yields for the

glycerol purification process.

Composition t=1 Stanlow Motherwell Amsterdam

Glycerol (% wt) 84.61 79.78 79.50
Ash (% wt) 6.53 4.9 6.3
Water (% wt) 1.01 2.1 7.8
MONG (% wt) 7.85 13.22 6.4
Liquid (g) 28.47 18.17 17.99
Glycerol (g) 24.09 14.50 14.30
Ash (g) 1.86 0.89 1.13
Water (g) 0.29 0.38 1.40
MONG (g) 2.23 2.40 1.15
Glycerol (% wt) on a 85.47 81.49 86.23
dry basis

Glycerol recovery (%) 39.66 31.74 22.85
Glycerol + MONG 36.85 32.48 19.73
recovery (%)

Ash removal (%) 84.03 89.39 82.06

Crude _ 24h Phase
separation

Glycerol Acidified

T Attarbachi, M Kingsley, V Spallina

layer, which could be separated by gravity. Looking at the
results in Table 9, it was possible to confirm that such a set
of operating conditions is relevant to achieve the glycerol
purity and ash content in the same ranges thus confirming
the validity of the process and universal behavior for such
low-grade feedstocks.

It can be concluded that the purification process yields,
in general, purities over 80% wt on a dry basis (81.49% wt
for Motherwell and 86.23% wt for Amsterdam), which is
very consistent with other physiochemical routes developed
by other research studies, presented and summarized in
Table 3. Nevertheless, the recoveries for Motherwell and
Amsterdam are significantly lower than those for Stanlow.
This is due to the high amount of nonpolar MONG that
is being decanted after the acidification which does not
exist when using the Stanlow glycerol (due to its nature of
a monophasic mixture instead of an emulsion). The mass
of nonpolar MONG content that is being removed after
the acidification using the glycerol from Motherwell and
Amsterdam accounted for approximately 20% wt, which is
relevant in the overall mass balance. Furthermore, the ash
content increased slightly relative to the mass. Nevertheless,
the process that has been developed can be used to treat any
kind of crude (waste) glycerol in a comparatively mild pH,
making it attractive for the industry in terms of material
usage and corrosiveness. Attarbachi et al.*’ presented the
experimental validation of the physiochemical treatment
in a larger batch reactor, yielding a glycerol recovery of
61.7% and ash removal of 78.9%. The study also reports the
economic performance for an industrial-scale application
in terms of the cost of purified glycerol 19.19 €/ton and
energy demand (137 kWh/ton of purified glycerol)

(Figure 9).
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Figure 9. Purification of crude glycerol to purified glycerol.
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Figure 10. Refractive index detector results for the purified and crude glycerol samples.

Table 10. New composition of purified glycerol

after HPLC compared to titration technique.

Component Composition after Titration
HPLC composition

Glycerol (% wt) 89.81 84.64
Ash (% wt) 6.53 6.53
Water (% wt) 1.01 1.01
MONG (% wt) 2.65 7.85
Glycerol recovery (%) 42.10 39.65
Ash removal (%) 84.03 84.03

The HPLC-RID results for the crude and purified sample
are shown in Fig. 10. The peak at min 14 shows the glycerol
sample whereas the peak at min 9 shows the citric acid in
which the samples have been dissolved. This was confirmed by
the internal standards plots, which were also provided by the
HPLC.

The results validate the results obtained from the titration,
as the purity of the crude glycerol is similar to the purity of
the Stanlow feedstock with a slight deviation of about 5%.
(Table 10) and also with a slight increase in glycerol recovery.

Conclusion

This work is the first attempt to develop a systematic,
universal, and comprehensive study for the purification

of extreme low-quality crude glycerol derived from
multifeedstock waste-based biodiesel refineries. The process
shows consistent results by increasing the purity of the
glycerol from 40% to 60% wt to over 80% wt regardless

of the source, type and initial composition reaching a
maximum of 89.8%. This approach is valid for several
industrial settings, enhancing waste recovery and in line
with the sustainability agenda of biobased industries and
governments. A mild treatment with KOH (saponification
to pH of 8) and H;PO, (acidification to pH 6) has shown the
best response. A 2-propanol-to-glycerol volume ratio of 3 is
generally preferable to achieve high glycerol purity and low
ash content. Potassium hydroxide has shown remarkable
efficiency in removing the ashes due to its affinity with the
inorganic compounds present in the ashes in comparison
with calcium and sodium hydroxide. Glycerol recovery

has been limited to 40%, which is unprecedented when
compared with previous literature studies, which have

not mentioned the glycerol recovery of their purification
methods. These results have been consistent in the presence
of different low-quality feedstocks, thus providing a general
platform for hard feedstock purification and oleochemical
waste recovery. The results of this study will be further
elaborated at a larger scale (20x bigger) in a future work
which will also look at the industrial implementation, large-
scale assessment, and process techno-economics.
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Abbreviations

ACS American Chemical Society
ANOVA analysis of variance

AOCS  American Oil Chemists’ Society

BS British Standard

CAGR  compound annual growth rate

DF degree of freedom

DOE design of experiment

FAME fatty acid methyl ester

FFA free fatty acids

FOG fats, oils, and greases

HPLC  high-performance liquid chromatography

ICP-OES inductively coupled plasma-optical emission
spectrometry

MONG matter organic nonglycerol
OFAT  one factor at a time

PAC powdered activated carbon
POME palm oil mill effluent

RID refractive index detector

RSM response surface methodology
TAG triacylglyceride

UCO  used cooking oil
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Appendix

T Attarbachi, M Kingsley, V Spallina

Original Article: Waste-derived glycerol from biorefineries

| KOH =2.06 g | | H,PO, =0.76 g | | layer=29.82 g | | KOH=0.35g | | IPA=80.11¢g
i anniip———————_——__ e e \
1 1
! Saponlflcatlon Acidlﬂfation Gravity Neutralization Anti Solvent '
me =100 g - _pH - 8_ _pH - 6_ | Separation > pH=7 *|  Treatment !
| =Evmn =G t~75 min t=60 min t=30 min i
: T=60°C T= 60°C :
1 1
1 1
1 1
| Adsorption Evaporation 1
i \{acut{m t=120 min T _p:15 oc Vacuum filtration |
i G Wic= 10% t _120 : t~ 60 min i
&2 i ~ min
: t~ 60 min e :
| f !
mee= 17.99 g | | Salt=15.38¢ | | AC =29g¢g | | Msoent = 74.51 g | | KH,PO, =3.45 g
Total flow  Glycerol [%wt] Ash [%wt] Water [%wt] MONG [%wt]
Crude Glycerol 100 g 62.59 6.3 17.13 15.74
Purified Glycerol 17.99¢g 79.50 6.3 7.8 6.4
Figure A1. Flowsheet for the purification of Amsterdam crude glycerol.
| KoH =159 ¢| [Hpo,=0.47¢ | [ layer=2253g | [ KoH=038g | [IPA=1178¢
I,' ________________________________________________________________ \I
! Saponification Acidiﬁfation Gravity Neutralization Anti Solvent !
me =100 g _pH - 8_ s _pH - 6_ Separation pH=7 —| Treatment :
= E=Comm t~ 75 min t=60 min t=30min | i
i T=60°C T= 60°C !
1
Il 1
1 1
| Vacuum Adsorption Evaporation Vacuum i
. t=120 min 1
i Filtration |« _ = 59€ Filtration |
- £~ 60 min W08 t~120 min t~60min ||
; T=60°C !
1

mro= 18.17g | | Salt=15.20¢ | |AC=33g| [ mwwn=12872g | [ KH,PO,=131¢

Total flow  Glycerol [%wt] Ash [%wt]  Water [%wt] MONG [%wt]
Crude Glycerol 100¢g 45.67 8.39 39.58 6.36
Purified Glycerol 18.17¢g 79.78 4.9 2.1 13.22

Figure A2. Flowsheet for the purification of Motherwell crude glycerol.
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