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Coffee is one of the most important food products worldwide, but it also generates substantial amounts of waste,
including spent coffee (SC), and coffee silver skin (CSS). Despite these organic wastes represent a major
pollution hazard, they are also a potential source of compounds that can be used in different industrial
applications such as pyrolysis, fermentation, solid-liquid extraction, or hydrolysis. To increase the efficiency of
these operations, a reduced particle size of the wastes is beneficial, mostly below 400 um. The use of a planetary
ball wants to be an innovative and efficient method for reducing grinding times and costs for biomass materials
such as residual coffee waste. This work is focused on the analysis of the influence of different grinding
conditions of a planetary ball mill on the particle size distribution of SC and CSS wastes. A multiple linear
regression analysis was applied to quantify the influence of variables. The results demonstrated that it was
easier and higher the reduction in CSS (96% in 2 minutes) than in SC (max. 66% in 5 minutes), both at an
optimal speed of rotation of 400 rpm. The speed of rotation and grinding time are the most influential variables,
while pause time or reversal of direction do not favour the grinding process or in a less manner. This study
highlights the potential of planetary ball mills for grinding organic materials, reducing grinding times and costs
while improving the efficiency of waste utilization for subsequent industrial applications.

1. Introduction

Coffee is the most important food product worldwide and is the second most commercialized after crude oil
(Polidoro et al., 2018). As a result of the high demand for coffee, large amounts of waste are generated
(Mussatto et al., 2011). In fact, approximately 90% of the coffee produced becomes spent coffee (SC), which is
obtained in the “instant coffee” elaboration process (Kourmentza et al., 2018). Another coffee residue is the
coffee silver skin (CSS), which is obtained during the roasting process of the beans (Mussatto et al., 2011).
These wastes contain significant amounts of caffeine and tannin, which could potentially harm the environment
if improperly disposed (Getachew and Chun, 2017). Despite producing 6 million tons of these organic wastes
annually (Tokimoto et al., 2005), they are also a potential source of compounds with functional properties similar
to those of grains which can be used in different industrial applications, which are summarized in Table 1.

Table 1. Industrial applications of spent coffee and coffee silver skin

ORGANIC WASTE APPLICATIONS

Spent coffee (SC) Biosorbent and Extraction of its phenolics compounds (Solomakou et al., 2022)
Fuel production (Silva et al., 1998)
Fuel etanol production (Mussatto et al., 2012)
Oil and water retention (Murthy and Naidu, 2012)
Extraction of polysaccharides (Ballesteros et al., 2015)
Coffee Silver Skin (CSS) Enzyme production (Mussatto et al., 2013)
Dietary fiber (Borrelli et al., 2004)
Soil fertilizer or fuel (Saenger et al., 2001)
Antioxidant (Narita and Inouye, 2012)
Water and oil retention (Murthy and Naidu, 2012)
Pyrolysis (Polidoro et al., 2018)
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According to Murthy and Naidu, 2012, particle size plays a crucial role in these processes, being beneficial a
size below 400 um. For this purpose, a previous step of grinding the material is of great importance. In addition,
in the case of CSS, milling is necessary to improve its workability, as unmilled CSS texture is very spongy, light,
and unmanageable. Grinding is an important industrial operation that is mainly used for the size reduction of
materials, but also for the production of large particle sizes (Ozkan et al., 2009). Ball mills can be used for
various purposes, depending on their configuration, including mixing and blending, mechanical crushing and
grinding and mechanical alloying of materials (Schilz et al., 1999). Generally, these mills have been used with
inorganic materials (Liu et al. 2016), especially, hard and brittle materials for fine and ultrafine grinding down to
the nanometer range (Rosenkranz et al., 2011). Some studies using organic materials show that planetary ball
milling can produce fine particles when milling parameters are optimized (Rajkhowa et al., 2008).

Compared to other grinding devices, planetary ball mills provide one of the highest energy intensities due to the
overlapping effect of two centrifugal forces produced by the rotation of the support disk and the rotation of the
containers on their own axis and in the opposite direction (Burmeister and Kwade, 2013). This makes it an
efficient method for producing nanopowders of a wide range of materials at industrial and laboratory scale (Wall
et al., 2014).

The planetary ball mill can operate both dry and wet, but dry grinding is preferred to avoid separation of the solid
and liquid phases and drying of the wet grinding particles. The processes within planetary ball mills are complex
and highly dependent on the material processed and the synthesis, so the optimum grinding conditions must be
evaluated for each individual system. (Burmeister and Kwade, 2013).

Although traditionally simple cutting or ball mills have been used for grinding residual biomass, the use of
planetary ball mills for this type of material is innovative, due to their high energy input, that can reduce grinding
times and costs.

Therefore, this study is focused on the grinding process of waste biomass in a planetary ball mill, specifically for
two coffee wastes (SC and CSS), analyzing of the influence of operating variables and characteristics of feeding
material on the particle size reduction. Four variables have been modified: grinding time, rotation speed, interval
/ pause time and reversal of direction

2. Materials and Methods

2.1 Waste Biomasses

SC and CSS were provided by “Cafeteria Primos de Origen”, a specialty coffee shop in Santander (Spain) that
imports green beans from El Salvador, Ethiopia, Rwanda, Brazil, and Indonesia.

Before performing the experiments, the residual biomasses were characterized. For this purpose, bulk and
apparent densities, angle of repose and humidity were calculated, according to standard tests performed in solid
operations (Table 2).

Table 2. Initial characterization of spent coffee and coffee silver skin.

Spent Coffee (SC) Coffee Silver Skin (CSS)
Bulk density (g/ml) 0.4 0.11
Apparent density (g/ml) 1.6 0.53
Angle of repose (°) 37.25 4291
Humidity (%) 10.5 9.4

Both materials have similar moisture content, being a litle more cohesive the CSS, but it can be remarked the
lower bulk and apparent densities in the case of CSS according to its spongy and light texture.

2.2 Grinding process and design of experiments (DOE)

Grinding of SC and CSS was performed with a Retsch brand planetary ball mill, a high-energy mill with a single
500 ml container and 25 stainless steel 20 mm balls which, according to Danha et al., 2016, lead to highest
yields in obtaining medium-sized particles.

To optimize the grinding conditions with respect to size reduction, grinding parameters such as grinding time,
rotation speed, interval / pause time and reversal of rotation were varied for each of the materials.

The pause or rest time (PT) is considered to avoid possible phase changes or agglomerations due to the local
increase in temperature of the sample (Kwon et al, 2002). Varying the interval (l) is very interesting because the
shorter the interval time chosen, the greater the number of times the mill stops. In this case, PT was added to
grinding time, being the actual PT chosen 30s in SC and 15s in CSS (Table 3).

Table 3 shows the design of experiments carried out on SC and CSS. The values indicated in the pause show
the pause time after the one grinding interval (grinding interval/pause time).
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Table 3. Design of Experiments for Spent Coffee (SC) and Coffee Silver Skin (CSS)

VARIABLES for Spent Coffee (SC) VALUE

Grinding time (min) 5 10 15

Rotation speed (rpm) 350 400 450

Pause time (I[s]/PT[s]) (PT added to grinding time) No Yes (120/30)
Reversal of rotation No Yes
VARIABLES for Coffee Silver Skin (CSS) VALUE

Grinding time (min) 2 3 5 10 15
Rotation speed (rpm) 300 400
Pause time (I [s]/PT [s]) (PT added to grinding time) No Yes (15/15) Yes (30/15) Yes (60/15)
Reversal of rotation No Yes

2.3 Sieving process and particle size distribution

A CISA sieve shaker model RP.20 was used to calculate the particle size distribution. Depending on the initial
particle size of the residual biomass, several sieves with different mesh sizes were chosen, taking ISO 3310/01
as a guiding reference. For SC, mesh sizes (um) were 5000, 3550, 1600, 1000, 630, 400, 250, 150, 63 and 0.
For CSS after grinding, 400, 300, 250, 200, 150, 112, 80, 63 and O um.

To verify the efficiency of the planetary ball mill, a characterization of the samples was carried out before and
after grinding. For this, the differential (fm) and cumulative (Fm) distributions of the mass fraction were made
and from these, the parameters that refer to the representative size of the total distribution (diameters d1o, dso,
dgo and dmm). The dio is the diameter such that 10% of the mass of the sample is made up of particles with a
diameter less than this value, dso corresponds to 50% and is also the median of the sample and deo represents
90%. These parameters were calculated by linear regression on the accumulated distributions of siftings. Sauter
diameter was also calculated for optimal tests in SC and CSS.

Equation 1 shows the mass average diameter (dmm) of the distribution.
m;-d;

Admm = S 1)

2.4. Multiple Linear regression analysis (MLR)

To evaluate the effect of the operating conditions (factors) used on the values of dio, dso, doo and dmm
(responses), the results were fitted to a multiple linear regression model (MLR), performed using MODDE Pro-
13 software (Umetrics, Malmo, Sweeden). The MLR analysis allows to recognize the influence of variables on
the material behavior under milling and to identify the most significant ones. This will also serve to evaluate the
sensitivity of the grinding process to changes. The intervals considered are showed in Table 3.

The relative importance of the different factors on the responses was evaluated through the graphs of the
coefficients of the MLR model. To make the regression coefficients comparable when the responses (d1o, dso,
deo and dmm) had different ranges, the coefficients were normalized, divided by the standard deviation of their
respective response.The size of the terms in the model reflects the magnitude of the change in the response
when a factor varies, with the magnitude of the change being directly proportional to the size of the terms. If a
response increases when a factor increases, the sign of the coefficient will be positive.

3. Results

Experiments were done in duplicate to calculate errors in the reproducibility. Errors found were always lower
than 2.4% for SC and 1.5% for CSS. Before conducting the experiments, the mass average particle diameter
(dmm) of the initial waste was calculated, being 922.2 um for SC and 1829.7 um for CSS.

3.1 Effect of grinding time and rotational speed

Grinding time is one of the most important variables to study, as it has a direct impact on the particle size and
specific surface area. Actually, increasing the grinding time leads to a decrease in the particle size of the powder
and an increase in the specific surface area. However, prolonged grinding times can cause excessive heating
of the vessel, resulting in lower throughput, increased wear of the grinding media and larger agglomerations.
(Lin et al. 2013). Figure 1 shows the influence of grinding time and rotational speed variables on the average
particle size for both materials. Lower values are obtained in CSS despite its higher initial particle size, which
indicates that this material grinds more easily. In SC mainly at 350 rpm and in CSS, a trend of decreasing
average particle size during the first minutes of grinding is observed. However, as the grinding time increases,
an inflection point is observed, followed by a progressive increase in the average particle size, due to
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agglomeration. This is consistent with the findings of Liu et al., 2016, who claim that the grinding efficiency is
high at the beginning and slows down as the grinding progresses. Furthermore, other authors suggest that there
is a grinding limit in ball mills beyond which no further particle breakage occurs (Knieke et al., 2011).

In most cases, a minimum rotational speed is required to achieve adequate performance and greater size
reduction. However, in some instances, rotational speed has no influence above a certain number of revolutions
or no influence at all (Burmeister and Kwade, 2013). This can be clearly seen in the case of SC, where a greater
particle size reduction is achieved when increasing the speed from 350 rpm to 400 rpm, the same as for the
CSS. However, an increase in revolutions from 400 rpm to 450 rpm in the SC has the opposite effect, with a
larger final particle size, not tested in the CSS.

1.000 Spent Coffee (SC) 150 Coffee Silver Skin (CSS)
E — g 100
‘E’ 500 c
£ 350 rpm E 50 350 rpm
° 400 rpm
=450 rpm 0 400 rpm
0
0 5 10 15 0 5. .10 15
a) Time (min) b) Time (min)

Figure 1. Influence of grinding time and rotational speed variables on the average particle size: a) SC, b) CSS

The results show that largest particle size reductions are obtained at speeds of 400 rpm, with a higher influence
in the case of SC. On the other hand, higher throughput at lower speed leads to lower energy consumption and
therefore lower cost and a more energy-efficient process.For both materials, the optimum rotation speed is 400
rpm and the optimum grinding times are 5 minutes for SC (dmm 362.6 pm) and 3 minutes for CSS (dmm 60.2
pm). However, similar results were achieved for the CSS at a time of 2 min and 400 rpm (dmm 62.3 pm) and at
3 min at 350 rpm (dmm 63 pm). Finally, the maximum percentage of reduction of the mass average diameter
dmm, was 60.68% for SC (362.6 um) and 96.70% for CSS (60.2 um).

3.2 Effect of Interval / pause time

The introduction of pause times during the grinding process is interesting to avoid overheating of the material
and balls (Naghdi et al. 2017) and, consequently, prevent the material agglomeration.For SC, a pause time of
30 seconds was introduced every two minutes at 350 and 400 rpm. In CSS the pause time was 15 seconds
every 15, 30 and 60 seconds in different experiments at 350 and 400 rpm.As it can be seen in Figure 2, for both
SC and CSS, adding pause time does not contribute to smaller average particle diameters. The % of reduction
of average particle size obtained were 56.97% for SC and 96.83% for CSS.

1000 Spent Coffee (SC) 75 Coffee Silver Skin
E €70
Z Z

c 500 _ = 65

£ 400 rpm without pause IS 350 rpm 3 min
o 350 rpm (120/30) < 60 ,

0 -#-400 rpm (120/30) 55 400 rpm 2 min
0 5 10 15 b) NO 15/15 30/15 60/15

a) Time (min)

Figure 2. Optimization of the pause time variable: a) SC, b) CSS
3.3 Effect of reversal of direction

Table 4 shows a summary of the results of the optimal experiments for each material for the different variables
studied, compared to initial values, that includes the influence of the reversal of direction.

For SC, the optimal values were obtained when grinding for 5 minutes at 400 rpm with a pause time of 30
seconds every 2 minutes and reversal of direction, with a percentage of particle size reduction of 66.12% (312.4
pum), very similar to that obtained at 10 minutes in similar conditions (66.75%,306.6 um) but using half the time.
For CSS the reduction was 96.87%, grinding for 3 minutes at 400 rpm with a pause time of 15 seconds every
minute and reversal of direction.The reversal of direction decreases patrticle size, but its influence is very small
compared to the rotation speed or grinding time.
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Table 4. Summary of the results dio, dso, deo, dmm, dsauter Of the optimal tests for each organic material.

(mtin) S(fperi(; Interval/Pause Reversal (Srlr: dso(um)  dso(pm) (j::;" d‘Z’S:ﬂ)E R
NO NO NO NO 1082 4723 9667 9222 2325
Spent 5 400 NO NO 365 2218 7694  362.6  108.1
coffee & 400 120/30 NO 524  309.1 8130 3969  137.1
(SC) 5 400 120/30 Yes 326 2079 608.7 3124  100.8
10 400 120/30 Yes 226 1666 7637  306.6 8178
NO NO NO NO - - - 1829.70 -
gi‘l’\flf:re 400 NO NO 104 519 1085  60.2 425
okin 3 400 30/15 NO 89 445 1111 580 39.3
©59) 3 400 30/15 sl 92 462 1203 598 40.2
3 400 60/15 sl 9.0 449 1081  57.3 39.2

3.4 MLR results

A MLR analysis was performed to quantitatively evaluate the influence of the operating variables (rotational
speed, grinding time, pause time and reversal of direction) on the particle size distribution parameters (d1o, dso,
deo and dmm). Figure 3 shows the values of the coefficients obtained for SC and CSS for each operational
variable, each one represented by a different color. The lower the coefficient, the lower the particle size
achieved. Based on this statement, it can be observed that the rotational speed contributes the most to particle
size reduction for CS, while grinding time has more influence in all the parameters determined in CCS.

For both materials high rotational speed results in smaller dio, dso, deo and dmm, and in general a higher grinding
time produces higher particle size.

The pause time in general does not favor smaller particle size, mainly in the CSS. The reversal of the direction
favors the obtention of smaller average particle diameters in SC but influences little the process in CSS.

Spent Coffee (SC) Coffee Silver Skin (CSS)
0,4 2 M speed
0,2 W time
1 s
pause time
0
r I ' I . I M reversal
-0,2
0 - - e —_
-0,4
-0,6 1
-0,8
d10 dso dso dmm d10 ds0 dso dmm

Figure 3. Graph of coefficients for dio, dso, deo and dmm for SC and CSS (rotational speed, grinding time, pause
time, reversal of direction).

4. Conclusions

Throughout this work, the characterization and grinding of two organic materials as an example of waste

biomass (coffee grounds and silver skin) has been carried out, with different operating conditions to analyse

their influence on the particle size reduction in a planetary ball mill. The following conclusions can be reached:

e A particle size reduction in spent coffee of 66.12% (312,4 um) and coffee silver skin of 96.87% (59,8 um)
were achieved for optimal grinding conditions.

e The optimum speed of rotation for both materials was found to be 400 rpm.

e The variables with the greatest influence for the two materials are the speed of rotation and the grinding
time, sometimes having an influence 10 times greater than the interval/pause time and the reversal of
direction.

e The pause time, regardless of the interval and the material, does not favour either the grinding process,
probably because it increases the residence time causing heat to "cake" the product, in spite of the resting
or turning time.

e The pause time with reversal of the direction of rotation has a minimal influence on the process, having a
favourable influence when working at high rotational speeds.

The study shows that particle size reduction is more easy for CSS than form SC, achieving also lower values,

but both get appropriate sizes for most industrial applications of the coffee wastes in a very short time with low

revolutions.
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