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A B S T R A C T

In this study we considered processes of treatment of agricultural apple waste which is normally
discarded. We show the effect of various pre-treatment procedures on the final catalytic performance to
produce 5-HMF from this real world biomass waste. Our study of the various potential pre-treatment
steps, and their effect on the catalytic performance, provides valuable new insights which can be used for
the development of new processes for the localised small scale valorization of agricultural fruit waste.
The apple waste is aimed to be converted into a sugar rich feedstock stream for the catalytic conversion to
5-hydroxymethyl furfural (5-HMF) at low temperatures (�120 �C). Filters with varying pore sizes were
studied for the filtration of apple pomace after milling the rotten apples in order to reduce the solids
content. The tested filters varied in pore sizes of 0.2 mm, 2 mm and 54 mm. The effect of heating, acid or
base treatment of the apple slurry was evaluated for increasing the speed of filtration. The highest flow
rate was obtained for the filter with 54 mm pores. The sugar rich filtrates were investigated in the
catalytic conversion to 5-HMF over an easy-to-manufacture Sn exchanged resin (Amberlyst-15) catalyst.
Results showed that filtrates obtained over a 2 mm filter lead to the highest 5-HMF yields (18 %) without
extra additives. Adjustment of the reaction mixtures to pH 7 resulted in a lower catalytic activity. 5-HMF
is proposed to be extracted from the aqueous layer by using an organic liquid layer (methyl isobutyl
ketone, MIBK). In order to increase the diffusion of 5-HMF to the MIBK layer the addition of salts to the
reaction mixture was investigated. This leads to lower catalytic activity, possibly due to catalyst
deactivation. Our results showed that a relatively wide pore filter (54 mm) provides the fastest apple
processing method and a filtrate reacting to the highest 5-HMF yield in catalytic conversion of the sugar
rich product stream obtained from agricultural waste apples.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

Introduction

The current trend in the chemical industry is to shift from
mineral oil-based feedstocks to biorenewable alternatives. Drivers
for this movement is the reduction of carbon footprint by reducing
the emission of CO2. The current generation of chemical products is
based on the use of fossil feedstocks for their production.
Furthermore, in order to refine fossil feedstocks such as mineral
oil energy intensive processes are required emitting vast amounts

of CO2. The use of biobased feedstocks can potentially reduce the
carbon footprint of the production of valuable chemical products.
One of the potential replacements for the benzene, toluene and
xylene (BTX) manufacture is the platform molecule; 5-hydrox-
ymethylfurfural (5-HMF) which can be derived from renewable
resources [1] and produced via various routes [2]. The molecule 5-
HMF can be produced from carbohydrates (glucose, fructose and
cellulose) via a chemo-catalytic route extensively discussed in
literature over variety of heterogeneous catalysts [3–7]. When
starting from glucose, the carbohydrate needs to be isomerized to
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atalyst based on an acidic resin exchanged with tin chloride (Sn(II)
l2) with high activity for the glucose to 5-HMF conversion [11].
he present catalyst shows good activity at process temperatures
s low as 120 �C.
Since carbohydrates are abundant in nature as (hemi-)cellulose

nd free sugars in many fruits, 5-HMF can be an interesting
lternative platform molecule for the transition of the chemical
ndustry [12]. Many research papers discuss the production of 5-
MF from wood derived cellulose which can be a clean bulk source
f glucose carbohydrates [13–16]. Such resources are of interest to
roduce bulk products like plastics (e.g. polyethylenefuranoate,
EF). However, agriculture produces a large volume of waste
ontaining high volumes of carbohydrate feedstock in the form of
hemi-)cellulose and free sugars [17–19]. The latter group can be
ound in high concentrations in fruit waste in the form of glucose,
ructose and sucrose [20]. A large agricultural sector in the
etherlands is apple farming which produces a substantial stream
f apples not suitable for sale due to inconsistencies (e.g. rotten
pots) [21]. The use of such feedstocks due to strongly varying
ompositions and batch volumes is not suitable for the production
f bulk products like plastics, but more for the production of fine
hemicals and pharmaceutical ingredients [22,23].
Unlike dedicated crops, such as sugar cane and beet streams as a

ource of carbohydrates, the use of second-generation biomass
e.g. rotten apples) is substantially more challenging due to the
omplex composition of the feedstock material. The biomass needs
o be hydrolysed to break the polysaccharides such as cellulose to
onosaccharides. Furthermore, the remaining solids need to be
eparated from the product stream (sugar water), which poten-
ially lead to problems when applying such feedstocks into a
rocess. Gullón et al. [20] have analysed the contents of apples into
etail and showed the composition of apples to be a complex
ixture of proteins, lipids, phenolics, minerals and vitamins. In

his study we consider apples to be divided in two components,
pple juice and apple pomace which mainly consists of (hemi)-
ellulosic and lignin. The high solid content of apples could lead to
dsorption to the catalyst surface and, thus leads to catalyst
eactivation. Also, feeding the highly viscous slurry obtained by
rocessing the apples could lead to mechanical blocking of the
atalytic reactor. This necessitates the removal of solid content
rom the slurry before feeding the sugar rich liquor feedstock to the
eactor. In order to reduce the solid content and increase the
onosaccharide content an additional hydrolysis step is beneficial.

 study by Parmar and Rupasingha [24] discusses the effect of an
cid treatment with diluted acid to reduce the cellulose content in
iomass waste.
In this study we identified the effects of various pre-treatment

pproaches of biomass waste from apple farming on the catalytic
onversion of the sugar rich feedstock to 5-HMF. Our results on
hese effects could help to develop processes for the local
roduction of 5-HMF from sugar rich agricultural waste streams.
any studies have investigated the use of model reaction mixtures
sing pure sugars. However, in order to develop new processes for
he conversion of realistic sugar rich biomass mixtures the
reatment of real biomass into a sugar rich feedstock and the
atalytic evaluation is essential. Especially the low temperature
onversion (120 �C) using cheap catalyst systems could enable the
ocal conversion of agricultural waste into high value chemicals
uch as 5-HMF which can be used as starting material to produce
harmaceutical ingredients and fine chemicals. In this study, we

while in route B the mixture is pre-treated before the filtration and
neutralisation. We discuss the effect of filter type and prefiltration
hydrolysis of the apple waste biomass on the catalytic conversion
of the recovered sugars towards 5-HMF. For the filtration of apple
pomace and apple juice we have investigated two types of
filtration, namely fine pore (0.2 mm pores), medium pore (2 mm
pores) and large pore filtration (54 mm pores). For the hydrolysis of
the prefiltered apple slurry, we investigated the influence of
heating and acid or base addition. We also report the effect of
neutralization of the filtrates and the effect of salt addition on the
catalytic performance. Increasing the pH to 7 could allow the use of
cheaper materials to withstand corrosion and could prevent the
undesired side reactions which could potentially cause catalyst
deactivation. The addition of salt has been reported to be beneficial
for the transfer of HMF from the water phase to the methyl isobutyl
ketone (MIBK) phase [25,26]. For the catalytic evaluation we use
the resin catalyst that is one times exchanged with Sn(II)Cl2. This
resin catalyst we have reported earlier [11] which has shown
excellent performance for the conversion of glucose, fructose and
sucrose sugars to HMF at low temperatures (120 �C).

Experimental

Filtration experiments

For the preparation of the mixture by milling, typically 1500 g of
solid apple material weighed. The apples were cut into 4 parts and
put in the blender (Vitamix Total Nitrution Center, 2 L) at a blade
cutting speed of 32,000 rpm. The collected slurry is denoted as AS,
acronym for Apple Slurry. A part (1000 mL) of the apple slurry was
diluted with water in a 1.0:1.3 AS to water ratio. The diluted apple
mixture is named as AS_Diluted.

A part (500 mL) of the diluted apple mixture was filtered via
various filtration types. One part was filtered using a ceramic
candle filter (Labortherm, 0.2 mm pores) which was connected to a
glass laboratory water jet pump to create a vacuum over the
system. The apple juice filtrates collected according this method
are denoted as “AF_0.2 mm”. Another part (500 mL) of the diluted
apple slurry was filtrated using a fabric filter (SEFAR TETEX mono,
05-1001-SK-054, 54 mm pores). These filtrate samples are denoted
as “AF_54 mm”. Another part of the diluted apple pomace was
filtered over a paper filter with 2 mm pores (Schleiger & Schüll, blue
band 589/3). The apple juice filtrates collected according this
method are denoted as “AF_2 mm”. All slurry and filtrate samples
were stored in the refrigerator.

The pH was measured using a Metrohm 913 pH meter. Prior to

Fig. 1. Flow diagram for the upgrading of rotten apples into a sugar rich feedstock
for the low temperature catalytic conversion to 5-HMF.
nvestigate and discuss a promising route to process solid apples
nto a sugar rich feedstock which can be catalytically converted to
-HMF at low temperatures. Fig. 1 shows a schematic representa-
ion of the different steps for the upgrading of apple waste material
o 5-HMF. In route A, the mixture after milling is directly filtered
nd neutralised before the clear filtrate is converted to 5-HMF,
2

the measurement the apparatus was calibrated using Merck
buffers of pH 4.00, pH 7.00 and pH 10.00. The liquid samples were
left to warm to ambient temperatures before the pH measure-
ments were conducted.

The solid contents of the various slurries, filtrates and residues
obtained after filtration by weighing before and after drying the
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samples. To be able to determine the dry solid content samples
were dried in an oven overnight a set temperature of 120 �C.

Neutralization experiments

For the neutralization of the apple filtrates (raw and treated
juice) 0.1 M NaOH (Merck) and 1 M Na2CO3 (Merck) aqueous
solutions were prepared. Typically, 10 mL of filtrate was neutral-
ized using either the NaOH or Na2CO3 solution. The pH was
monitored using a 913 Metrohm pH meter.

Catalytic evaluation

For the evaluation of the catalysts in batch mode, typically 2 mL
of apple filtrate solution (clear juice) and 2 mL methyl isobutyl
ketone (MIBK, Merck) were added into an Ace Glass pressure tube
#7 (rated 150 psi). Into each reaction tube 300 mg of catalyst was
added. The Sn containing catalyst was prepared according the 1
time exchange procedure reported earlier [9] which has been
extensively characterized in this report and is from the same batch
as reported there. The catalyst is denoted as “1xSn-Amb”. After
adding the catalyst, the pressure tubes were placed in a silicon oil
bath and stirred using a magnetic stirrer. The reaction was
quenched after the desired duration by placing the reactor tube
into a beaker filled with ice-water mixture at zero degrees Celsius.

Analysis of the apple juice filtrates

The organic MIBK layer was analysed using a GC8000 gas
chromatograph (Interscience) equipped with a capillary column
heated at 150 �C connected to a Flame Ionization Detector (FID). To
quantify the 5-HMF content a calibration curve was prepared
consisting of pure 5-HMF (Alfa Aesar) dissolved as 1.0 mg/mL,
2.5 mg/mL, 5 mg/mL, 10 mg/mL and 20 mg/mL concentrations
dissolved in MIBK. The concentration of 5-HMF in the reaction
samples was determined via interpolation. Nitrogen was used as
the carrier gas. The water layer originating from the apple
pommace was analysed using a Waters Aliance HPLC equipped
with a 2414 RI detector which was heated to 50 �C. The separation
was done using a KS-801 HPLC Column and a Shodex KS-G Guard
Column was used. A 0.001 M NaOH (VWR) miliQ water solution
was used as the mobile phase which was pumped with a flow rate
of 1.0 mL/min. To quantify the components in the water layer
calibration curves were prepared for glucose (Merck), sucrose
(Merck), fructose (Merck), Levulinic acid (Acros) and 5-HMF (Alfa
Aesar) in the 0–300 mg/mL range. Prior to injection the water
samples were filtered using a 20 mm PTFE syringe filter. The
reaction solutions were quantified by using external calibration. All
analysis was within the error limits of �5%.

The total sugar concentration was calculated by summing up
the sugars present in the treated or untreated filtrate liquor as
shown in Eq. (1).

Total sugar½ � ¼ Glucose½ � þ Fructose½ � þ ½Sucrose� ð1Þ

The yield varience (YV) for the glucose, fructose, sucrose and all
sugars combined (Total sugar) was defined as the variation in sugar
concentration between the fresh filtrate and the filtrates which
have been treated or exposed to catalytic evaluation. This was
calculated according formula (2) using glucose as an example.

YVGlucose ¼  
½Glucosetreated f iltrate�
½Glucoseinitial f iltrate�

�100%
� �

� 100% ð2Þ

The 5-HMF yield was calculated based on the initial total sugar
concentration as depicted in formula (3).

Y5�HMF ¼  
5 � HMF½ �

Total sugarinitial½ � �100% ð3Þ

The Total sugar conversion in the catalytic evaluation is
calculated according Eq. (4).

XTotal sugar ¼  
Total sugarinitial½ � �  ½Total sugaraf ter reaction�

½Total sugarinitial�
�100%

ð4Þ
The selectivity of the catalyst to 5-HMF was calculated

according Eq. (5).

S5�HMF ¼  
5 � HMF½ �

½Total sugarinitial� �  ½Total sugaraf ter reaction�
�100% ð5Þ

Results

Apple mixture filtration

Table 1 summarizes the properties of the apple slurry (AS)
sample after milling the apples and the filtrates obtained after
filtration of the AS_diluted sample. Upon milling the apples into a
mixture, a small amount (�3%) of material is lost as can be seen by
the yield of 97% for the AS sample. Analysis of the solid content for
the AS sample reveals a dry solid content of 12.9 wt.%. Analysis of
the sugar composition reveals fructose to be the main component
(67.3 mg/mL), followed by glucose (27.4 mg/mL), while the mixture
contained sucrose in the lowest concentration (9.6 mg/mL). The
sugar composition and filtration were similar for the samples
before and after filtration. When comparing the amount of solid
material present in the filtrates after filtering the AS_Diluted
sample differences can be observed. The sample filtrate obtained
upon filtration over a fabric filter (AF_54 mm) showed a decrease of
�16 % in comparison to the unfiltered diluted apple slurry.
Filtration of AS_Diluted over a paper filter resulted in �22% solid
reduction in the final filtrate (AF_2 mm). The highest filtration
efficiency was obtained when the AS_Diluted sample was exposed
to filtration over the ceramic filter showing 0 % of solid content in
the final AF_0.2 mm filtrate sample. The filtration time increased
with smaller pore size of the filter material.

In an attempt to reduce filtration time, the apple slurry after
dilution was treated by heat, acid and/or base treatment in order to
hydrolyse the cellulose partially into monosaccharides and reduce

Table 1
Composition of the prepared filtrates.

Sample Filter
type

Pore size
(mm)

pH Solid content
filtrate (wt. %)

Solid residue
filter (wt. %)

Glucose
(mg/mL)

Fructose
(mg/mL)

Sucrose
(mg/mL)

Total
sugar (M)

5-HMF
(mg/mL)

Yield*
(%)

Filtration speed
(ml/min)
AS – 3.32 12.9 – 27.4 67.3 9.6 0.55 0 97 –

AS_Diluted – 3.37 5.1 – 12.2 24.8 3.8 0.22 0 97 –

AF_54mm Fabric 54 3.42 4.3 0.7 11.8 26.4 3.8 0.22 0 88 20
AF_2 mm Paper 2 3.44 4.0 1.0 11.1 24.8 3.6 0.21 0 84 1.7
AF_0.2 mm Ceramic 0.2 3.24 0.0 5.1 12.0 26.0 3.4 0.22 0 79 0.8

* Compared to the initial amount of raw biomass feedstock.

3
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he solids content of the mixture. The influence of this pre-
reatment method was tested on the ceramic filter since this filter
as prone to the slowest filtration flux. Filtration testing showed
hat the flux through the ceramic filter was not affected by the pre-
reatment procedure. The sugar content of the final filtrate mixture
fter pre-treatment and filtration were determined and is
ummarized in Table 2. The results show an alteration in the
ugar composition upon pre-treatment and filtration resulting in a
igher total sugar content. The highest sugar content was obtained
hen using solely heat treatment for 2 h. Similar concentrations
ere reached at a shorter reaction period of 0.5 h when HCl (1.0 M)
as added during heat treatment. No sucrose was observed in the
eaction liquor after heat treatment even after addition of HCl. It is
ikely to assume that the increase in sugar content can be ascribed
o the hydrolysis of the β-linkage in the sucrose molecule linking
he glucose and fructose moiety. Interestingly, the sucrose
oncentration is slightly higher for the samples treated with
Cl. This can be attributed to depolymerization of cellulose.
A part of the apple juice filtrates was neutralized to pH 7 in

rder to investigate the effect of pH on the catalytic conversion. In
rder to neutralize the solution to pH 7, the apple juice filtrates
ere treated with NaOH and Na2CO3. The pH adjusted filtrates
ere measured in HPLC and the obtained results are shown in
able 3. The results reveal that treatment of the apple juice with
a2CO3 or NaOH did slightly increase the sugar content (�5%) for
lmost all samples. The non-diluted apple mixture sample AS
howed a small decrease in sugar content.

atalytic evaluation

The prepared apple mixtures and filtrates, both neutralized
ith NaOH or Na2CO3 and not neutralized apple mixtures and
ltrates were tested in catalytic experiments using the Amberlyst-
5 exchanged for one time with a 1 M SnCl2 solution as reported
arlier [11]. The catalytic evaluation was conducted at 120 �C and

 h which are the optimal conditions for this catalyst. The results
re summarized in Table 4. Blank experiments conducted on the
pple mixtures and the filtrates at 120 �C for 2 h without catalyst
evealed that no 5-HMF was formed. Heat treatment of the non-
iluted AS lead to a strong reduction in the total sugar content.
nterestingly, the largest reduction in total sugar content was
btained during the blank experiments for the diluted apple slurry
AS_Diluted). Surprisingly, the AF_2 mm sample showed only a
inor reduction in the total sugar content (�6%). The sucrose yield

from the mixture pre-treatment using heating discussed in this
paper.

Addition of the Sn-Amberlyst-15 catalyst to the reaction
product and exposure to 2 h at 120 �C leads to a strong reduction
in the total sugar content to approximately 50% for all samples of
the original sugar concentration. After neutralizing the reaction
mixtures with NaOH and Na2CO3 the sugar conversions were
slightly higher compared to the non-neutralized samples. Howev-
er, the yields to 5-HMF were substantially lower for the diluted
apple slurry and the filtrates after neutralization. Interestingly, the
activity of the Sn-Amberlyst-15 catalyst was hampered more
severe in the apple slurry neutralized using Na2CO3.

Effect of salt addition

The effect of salt addition and the type of cation was tested on
the apple juice filtrates on the filtrates prepared with the 54 mm
filter since these samples showed the highest selectivity towards
5-HMF. The mixtures were catalytically tested for 2 h at 120 �C and
using MIBK as extraction fluid using the same acidic Amberlyst-15
resin exchanged for one time with a 1 M SnCl2 solution as used
previously in this study. The salting out effect has been published
before [25,26] to support HMF diffusion towards the MIBK layer
increasing the ratio of the HMF in MIBK to the HMF in water,
further this ratio is referred to the partition coefficient. By removal
of HMF from the water layer, the equilibrium of the tandem
reaction can be shifted to HMF production and HMF is removed
from the water layer thereby preventing by-product formation.

Table 5 shows the results from the catalytic evaluation. The
addition of salts to the reaction mixture lead to a substantially
higher conversion of the present sugars in the order CaCl2> KCl >
NaCl. The yield in HMF however varied. The additions of KCl
yielded similar amounts of 5-HMF, while the addition of CaCl2 and
NaCl showed lower yields towards 5-HMF. When studying the
partition coefficients, a lower partition coefficient was obtained for
reaction mixtures using NaCl (0.36) and KCl (0.68) compared to the
reaction mixture without salt added (1.08). Addition of CaCl2 leads
to an increased partition coefficient of 1.88.

Discussion

Three types of filters with varying in pore sizes have been
evaluated for the separation of apple pomace and apple juice from
an apple slurry after cutting them in a food processor and diluting

able 2
ffect on sugar composition after pre-treatment of the apple slurry followed by filtration over the 0.2 mm filter.

Sample Temperature
(�C)

Duration
(min)

Additive Slurry : HCl ratio
(w/w)

pH YVGlucose* (%) YVFructose* (%) YVSucrose* (%) YVTotal sugar* (%)

AF_0.2 mm** – – – – 3.22 0 0 0 0
100 30 – – 3.22 +28 +6 �87 +5
100 120 – – 3.22 +41 +12 �99 +9
100 240 – – 3.22 +36 +2 �99 +1
100 30 HCl 200:1 1.5 +36 +12 �99 +7
100 30 HCl 100:1 1.5 +40 +13 �92 +9
100 30 HCl 50:1 1.5 +34 +3 �88 +2

* The yield variance (YV) was calculated according Eq. (2). The concentrations of the various sugars determined for the fresh AF_0.2 mm presented in Table 1 were used as
he initial concentrations in the equation to calculate the various YV.
** The fresh AF_0.2 mm filtrate concentrations were taken as the reference for the YV calculations, hence the YV of 0% for this entry.
as substantially lower, but is likely converted into fructose and
lucose. Observing the yields of the separate sugars reveals that
fter the blank experiments no sucrose was observed, indicating
hat heat treatment partially leads to the hydrolysis into fructose
nd glucose. This also explains a slight increase in the glucose
oncentration for these samples and coincides with the findings
4

in water to an apple pomace to water ratio of 1.0:1.3. The finest
pore (�0.2 mm) filter showed the lowest filtration speeds which
are likely due to pore blockage of the filter. A fine layer of solids was
observed to be formed supporting this hypothesis. The prefiltered
mixture was treated by heating, acid or base addition, but did not
influence the filtration speed. The pre-treatment conditions were
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chosen in such way that they are applicable for local production.
Likely the chosen conditions to pre-treat the apple mixture were
too mild to breakdown the particles present in the mixture such as

The catalytic evaluation revealed that neutralization of the
reaction mixtures leads to slightly lower yields of 5-HMF compared
to the fresh filtrates. Possibly the lower pH assists in the catalytic

Table 3
Composition of the apple slurries and filtrates before and after neutralization.

Sample Base pH Glucose concentration
(mg/mL)

Fructose concentration
(mg/mL)

Sucrose concentration
(mg/mL)

Total sugar concentration
(mol/l)

5-HMF concentration (mg/
mL)

AS – 3.32 27.4 67.3 9.6 0.55 0
NaOH 6.99 27.3 61.8 6.3 0.51 0
Na2CO3 7.00 33.6 65.7 8.0 0.57 0

AS_Diluted – 3.37 12.2 24.8 3.8 0.22 0
NaOH 7.00 12.6 26.9 3.4 0.23 0
Na2CO3 7.01 13.7 26.4 3.7 0.23 0

AF_54 mm – 3.42 11.8 26.4 3.8 0.22 0
NaOH 6.98 12.4 26.5 3.1 0.23 0
Na2CO3 7.01 13.2 26.7 3.3 0.23 0

AF_2 mm – 3.44 11.1 24.8 3.6 0.21 0
NaOH 7.00 12.6 26.3 3.4 0.23 0
Na2CO3 7.00 12.8 25.5 3.6 0.23 0

AF_0.2 mm – 3.24 12.0 26.0 3.4 0.22 0
NaOH 7.02 12.2 26.1 3.1 0.22 0
Na2CO3 6.98 12.5 26.3 3.3 0.23 0

Table 4
Results obtained from catalytic batch experiments.

Sample Catalyst Neutralizing Base T (�C) t (h) YVGlucose* (%) YVFructose* (%) YVsucrose* (%) Y5-HMF* (%) S5-HMF (%) XTotal sugar* (%)

AS – – 120 2 +7 �28 �88 0 0 21
1xSn-Amb – 120 2 +1 �64 �90 12 26 47
1xSn-Amb NaOH 120 2 +13 �62 �94 5 11 41
1xSn-Amb Na2CO3 120 2 +48 �46 �90 12 60 18

AS_Diluted – – 120 2 �4 �25 �11 0 0 31
1xSn-Amb – 120 2 �3 �81 �88 19 33 57
1xSn-Amb NaOH 120 2 �8 �68 �95 12 3 51
1xSn-Amb Na2CO3 120 2 �16 �77 �94 12 13 58

AF_54 mm – – 120 2 �13 �39 �38 0 0 20
1xSn-Amb – 120 2 +10 �75 �88 17 33 51
1xSn-Amb NaOH 120 2 �3 �62 �95 5 10 46
1xSn-Amb Na2CO3 120 2 �8 �76 �73 6 7 54

AF_2 mm – – 120 2 +7 �6 �88 0 0 6
1xSn-Amb – 120 2 +15 �76 �87 18 36 50
1xSn-Amb NaOH 120 2 �3 �66 �97 5 11 49
1xSn-Amb Na2CO3 120 2 �50 �91 �97 7 4 78

AF_0.2 mm – – 120 2 �1 �11 �88 0 0 11
1xSn-Amb – 120 2 +6 �77 �86 11 23 53
1xSn-Amb NaOH 120 2 �13 �69 �100 14 25 41
1xSn-Amb Na2CO3 120 2 �18 �67 �81 20 37 47

AF_0.2 mm_HCl 1xSn-Amb NaOH 120 2 �3 �75 �86 16 32 �49
1xSn-Amb Na2CO3 120 2 �1 �72 �46 18 34 �48

* The yield variance (YV) was calculated according Eq. (2). The concentrations of the various sugars determined for the fresh filtrates presented in Table 1 were used as the
initial concentrations in the equation to calculate the various YV.

Table 5
The effect of type of salt and salt concentration on the catalytic conversion.

Sample Salt Temperature (�C) Reaction time (h) YVGlucose* (%) YVFructose* (%) YVSucrose* (%) YHMF (%) SHMF (%) XTotal sugar (%) Partition coefficient

AF_54mm – 120 2 15 �76 �87 18 36 �50 1.00
2.0 M NaCl 120 2 �13 �69 �100 11 19 �43 0.36
2.0 M KCl 120 2 �18 �67 �81 19 31 �37 0.68
2.0 M CaCl2 120 2 �75 �93 �89 12 12 �12 1.88

* The yield variance (YV) was calculated according Eq. (2). The concentrations of the various sugars determined for the fresh AF_54 mm presented in Table 1 were used as the
initial concentrations in the equation to calculate the various YV.
(hemi-)cellulose fibres or proteins blocking the filter. Interestingly,
the pre-treatments did however increase the sugar contents of the
mixtures. Possibly some poly-saccharides were (partly)hydrolysed
resulting in the increase in mono-saccharide concentration. From
this there could be potential in processing the filtered solids
further to extract more sugars.
5

conversion of sugars to 5-HMF [27]. Also, the addition of cations can
potentially lead to lower 5-HMF yields possibly due to catalyst
deactivation. The free cations might exchange to the BAS, lowering
the rate of fructose dehydration. Interestingly, the neutralization
experiments as well as the addition of salts leads to higher glucose
conversion which correlates to findings reported in literature [28].



p
p
p
V
t
s
e
r
t
c
F
p
fi

s
c

C

a
c
S
a
e
i
p
t
fi

p
fi

a
C
w
y
s
N
t
t
l
i
f

C.H.L. Tempelman, J.F. Jacobs, S. Ramkhelawan et al. Journal of Industrial and Engineering Chemistry xxx (xxxx) xxx–xxx

G Model
JIEC-5531; No. of Pages 6
Comparing our findings to the current literature, our study
rovides a detailed and structured study of various process
arameters which could potentially enable the feasible catalytic
roduction of 5-HMF from sugar rich biomass waste streams.
arious process parameters has been shown in previous literature
o be advantageous for the catalytic conversion of aqueous
olutions containing glucose, fructose or sucrose. However, the
ffect of these parameters has not been tested when converting a
eal apple fruit waste. Our findings that the pH adjustment,
hermal pre-treatment or salt addition are not beneficial for the
atalytic process highly simplifies the new process designs.
urthermore, we show that filtration improves the 5-HMF
roduction, and the use of 54 mm pore filters is sufficient. This
nding is crucial for a system design since the wider pore filtering
peeds up the filtration process and, likewise the overall
onversion speed of the biomass waste.

onclusions

In this study we investigated the most effective way to pre-treat
nd convert waste apples into a sugar rich feedstock for the
atalytic conversion into 5-HMF using a cheap and easy to prepare
n exchanged acidic Amberlyst-15 resin. The effect of various
pproaches for the pre-treatment of real fruit waste has been
valuated for the catalytic conversion to 5-HMF. These new
nsights will allow the development of novel small scale industrial
rocesses for the localised production of 5-HMF. After converting
he apples into it a mixture by milling and dilution with water the
ltrates the effect of filter fraction was investigated by varying the
ore size (0.2 mm, 2 mm and 54 mm). It was found that wider pore
ltration obtained the highest filtration speed without the need for
dditional treatment steps compared to smaller pore sized filters.
atalytic evaluation revealed that using filtrates treated over filters
ith a pore size of 2 mm and 54 mm provided the highest HMF
ields and selectivities. Catalytic conversion of the diluted apple
lurry resulted in similar HMF yields. Dilution neutralization using
a2CO3 and NaOH lead to a slightly lower yield of 5-HMF during
he catalytic upgrading of the obtained apple filtrate juices. Also,
he addition of NaCl, KCl and CaCl2 salts was shown to result in
ower 5-HMF yields during catalytic conversion. From our study it
s shown that the simple milling the apple biomass into a mixture
ollowed by filtration (route A in Fig. 1) using a 54 mm filter

provides the best way to provide a sugar rich feedstock stream
from agricultural apple waste for the catalytical conversion into 5-
HMF at low temperatures (120 �C).
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