DDA

Preliminary laboratory assessment for lignocellulosic biomass
drying
Evaluacion preliminar de laboratorio para el secado de biomasa
lignoceluldsica

Julio F. Mata-Segreda
https://orcid.orq/0000-0002-2356-4699

Biomass Laboratory, School of Chemistry, University of Costa Rica, 11501-2060, Costa Rica
Autor correspondiente: julio.mata@ucr.ac.cr

Enviado: 2 de Agosto de 2025. Aceptado: 1 de octubre de 2025
https://doi.org/10.59722/rcvn.v3i2.993

Abstract

The drying of lignocellulosic biomasses is an important unit operation in regions with agro-
industrial economies and circular economy activities in general. The procedures used in the
author's laboratory to obtain drying kinetic data, and their mathematical processing are
discussed, to quantify the characteristics of lignocellulosic biomasses and porous materials
in general. The results serve as a starting point for the design and operation of industrial
dryers.
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Resumen

El secado de biomasas lignoceluldsicas es una operacién unitaria de importancia en
regiones con economias agroindustriales y actividades propias de economia circular en
general. Se discuten los procedimientos usados en el laboratorio del autor para la obtencién
de datos cinéticos de secado y su tratamiento matemadtico, para cuantificar las
caracteristicas de biomasas lignoceluldsicas y materiales porosos en general. Los resultados
son el punto de partida para el disefo y operacidn de secadores industriales.

Palabras clave

Cinética de secado, costo energético minimo de secado, difusién molecular en poros,
porosidad dindmica.
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Introduction
Drying of lignocellulosic biomasses and other agro-industrial residues is an area of direct

interest in regions with agro-industrial economies. The reduction of moisture is a first
physical treatment on raw materials, before any extraction or physical/chemical change is
conducted.

Reduction of water content (or other liquids) from porous materials is a common
technological operation. The theoretical aspects of this unit operation apply to different
areas such as food preservation by moisture reduction (Inyang, et al., 2018), heterogeneous
catalysis (Fernandez-Solano & Mata-Segreda, 2021) or performance of building materials
(Carter and Kibler, 1978; Mora et al., 2019).

The design, construction and operation of industrial dryers must be consistent with prior
observations on the drying kinetic behaviour of specific porous materials at laboratory level.
These previous experiments are necessarily done, for the assessment of the ease of
moisture reduction of porous materials.

Most published papers on material drying deal with specific cases, and fewer papers deal
with the theoretical aspects of diffusion of fluids in pores (Yiotis, et al., 2006; Songgok, et
al. 2012; Inyang, et al., 2018; Alcantara, et al.,, 2024; Schlaich, et al., 2025) or basic
mathematical analysis of drying kinetics data (Smirnov & Lysenko, 1989; Kemp, et al., 2001;
Mora, et al., 2019). Some mathematical proposals have no direct bearing on molecular
conceptions of the drying process but rely more on goodness-of-fit criteria.

This work gives the simpler view of the macro- and microscopic aspects of drying studies at
our laboratory, than the more complex versions presented in unit-operations textbooks and
review articles (Geankoplis, 2006; Cai, et al., 2023; Schlaig, et al., 2025). This work is not
intended to be a review article, but a document that shares our experience on the subject,
specially aiming at the needs of laboratories of small companies. It should not be expected
to deal with the drying of specific materials, either. Therefore, no considerations will be
made for the effect of the variables necessary for optimal reduction of moisture such as

environmental humidity, temperature, or velocity of purging air currents.
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Working model

Drying dynamics is influenced by mass and heat transfer, as well as diffusion of fluid from
the moist sample into the surrounding aerial phase (Geankoplis, 2006). The operation is
conducted in industrial systems under the flow of a purge gas, to enhance water recovery
and reduce drying times and energy.

In our model, the molecular picture of drying of porous materials is a process that initially
involves the direct phase transfer from the liquid film on the particles surface to a stagnant
surrounding aerial space. It is observed that the drying rate during this stage is constant. It
is interpreted that this zero-order kinetic regime occurs if the rate of evaporation equals
the rate of arrival of evaporating molecules at the solid-gas interface. This mechanistic
proposal is like the situation of pure liquids, and implies an almost constant interfacial
composition with a constant vapour pressure; as indicated by the traditional Hertz-Knudsen

equation (Mata-Segreda, 2025):

—dng/dt _ p,(T) ()
Fluxional area 27MRT

where x is the so-called condensation factor, p.(7) is the liquid vapour pressure at
temperature T, M is the liquid molecular mass, and RT has the usual meaning. The rate of
evaporation is clearly constant at a fixed temperature.

As the drying process occurs, “dry islands” appear on the solid matrix surface once a critical
degree of drying [x] is reached, and the kinetics is no longer zero order. The hydraulic
continuity between bulk moist material and particle surface no longer exists. From this
point afterwards, the kinetics is determined by mass transfer through the solid matrix pores.
As said above, the zero-order regime extends for as long as H,0O molecules arrive at the
particle-air interface as fast as evaporation occurs. It then follows that those materials with
higher x. (longer constant-rate intervals) match those with high mass-transfer

characteristics (Puente-Urbina, et al. 2016).
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This second rate-decreasing stage is the result of:
a) slower liquid mobility inside the matrix pores, thus reducing the probability of
transfer to the near aerial phase,
b) the fluxional areas of liquids soaking porous materials are also diminished, and
c) liquid desorption from porous materials requires the breaking apart of any
stabilising interactions of the imbibing fluid with the pore walls. All three conditions
make overall evaporation more difficult than the case of a free liquid surface.
For this rate-decreasing stage, it is intuitively certain that the drying rate of a particular
material at temperature T and through a certain fluxional area must be proportional to the

residual moisture content. This mathematical assertion is stated as:

Drying rate « Residual moisture (2)

Materials and Methods
Kinetic drying measurements are usually conducted in our laboratory at 50 °C and the

normal atmospheric pressure over the University of Costa Rica central campus [(87 + 2) kPa
at 1229 m above sea level]. The relative humidity in the laboratory is maintained at around
65 %.

Our methodology uses drying balances and the absence of purging air currents. These
balances have draft shields that allow doing gravimetric measurements under a minimum
effect from surrounding air drafts in the laboratory environment. These instruments are
also built with heat shields that allow samples to be heated quite evenly at the experimental
temperature. Construction details are provided by manufacturers. The kinetic
measurements are done by following the mass loss of a sample, as a function of time at
constant temperature.

The solid samples are typically soaked overnight with distilled water. Before the gravimetric
measurements are conducted, the materials are filtered (Blichner funnel) and gently
pressed between kitchen towels, to obtain a free-flowing solid. One crucial point is to keep

samples under refrigeration in tightly stoppered containers prior to kinetic measurements,
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to avoid inadvertent moisture loss.
The biomass sample (~ 10 g) is then loosely spread on the balance aluminium dishes, and
the mass — time data monitored until no further change occurs, a point in time indicated by

the drying balance.

Results
Figure 1 shows a typical drying result of a sample of compost made from coffee dregs, as a

model material like common lignocellulosic biomasses. In this run, the drying operation
time profile shows an initial linear decay, followed by a rate-decreasing kinetic phase. The
data of the experiment shown indicate that thermal equilibration between the specimen
and sample chamber takes ~3 minutes. The linear range extends from 3,0 min up to 35,0

min (r, = 0,9995).
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Figure 1. Typical mass-time data at 50 °C and 87 kPa, for drying of a compost made from
industrial coffee dregs.

The initial sample of mass minitias = 10,101 g dries down to a final mass Mfines = 5,777 g. The

total H,O desorption was 42,8 % of the initial sample mass. The ease of drying of porous
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materials depends on three characteristics of the different solid matrices:
a) volumetric porosity (fraction of total volume that equals empty space),
b) pore constrictivity (pore dimensions), and
c) pore tortuosity (mean trajectory inside pores, relative to macroscopic particle
dimensions).

We have termed these three characteristics together as dynamic porosity (Puente-Urbina,
et al., 2016; Conejo-Barboza and Mata-Segreda, 2018). For a particular sample, we usually
perform three runs, or five, depending on the reproducibility obtained.

The kinetic description of the entire drying processes is described by the so-called Krischer
plot, which gives the rate of drying as a function of residual moisture, as shown in figure 2
(Kemp, et al., 2001). The dynamics of drying shows the initial constant-rate kinetic phase,
that is, mass loss decreases at a constant rate during this period (-dm/dt = constant). Our
experience dictates that the initial mass-time linear relationship is described with a
Pearson’s |rp| > 0,9995 (99,9 % goodness of fit). The system eventually achieves a critical
degree of drying [x.], where -dm/dt becomes discontinuous, though m =m(t) is a continuous
function.

The usual way to describe the data is by using the extent of drying (x) as the dependent

variable. It is clearly defined as:

x(t) = Minitiqr — M(t) (3)

Minitial — Mfinal

The rate of advancement of the drying operation is then:
dx B (—dm/dt) (4)

dt (minitmz - mfinal)

Figure 2 shows the concept.
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Figure 2. Krischer curve at 50 °C and 87 kPa for the drying of a compost made from coffee
dregs.

The initial constant-rate kinetic phase is clearly observed, up to the critical drying degree x..
After x. is achieved, the system obeys a first-order rate law, which is dx/dt = k1 (1 — x). For
the experiment shown in figure 2, the linear relationship between dx/dt and (1 — x) is
observed in the range from (1 - x) = 0,423 to (1 —x) = 0,151. We commonly accept a r, value
of ~ 0,999 to define the first-order kinetic phase. The k; is obviously the slope in the linear
range, calculated by least-squares fitting.

The first-order rate constant is found to depend directly on the mean particle-surface/air
area. Therefore, the useful datum needed to evaluate for this kinetic stage is k> = k1 /
fluxional area.

The fluxional area of a particular sample can be calculated from (-dm/dt)initiar and the rate
of evaporation of H,0 at the working temperature [e. g. revap (H20, 50 °C) =0,18 g st m™2 at
50 °C], according to the following relation:

(—dm/dt)nitiq1 9 5~ (5)
7évap(H2 0)gs~'tm™

Fluxional area =

k, values can be used to compare the internal diffusion ability of fluids imbibing porous

materials (vide infra).
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It is possible sometimes to observe a third kinetic phase, depending on the precision of the
m(t) values as the final stage of the drying process occurs. If this third stage takes place
driven by concentration gradients in the pore system, the advance of the drying process
occurs as a function of t * as expected from compliance to Fick’s second law, though fitting
of experimental results to analytical integration of the diffusion equation have become a
more common procedure (Carter and Kibler, 1978; Mora, et al., 2019). When capillary
forces are at work, the easiest way to quantify the process is by empirically fitting the x(t)
data to a power law, t7 (g # %).

Despite the natural heterogeneity of lignocellulose material samples, the reproducibility of
kinetic drying parameters such as (dx/dt)initia, Xc and k. can be obtained with mean
uncertainties of the order of 8 %, 11 % and 11 %, respectively. The latter mass data shown
in figure 1 (third kinetic phase) give x/mfina = (2,4 + 0,7) gt t (0432002 3 resylt with an
associated 30 % uncertainty, calculated as standard deviation. The uncertainties associated
to this last rate parameter are larger than for those of the earlier kinetic phases, due to
fewer data points and their lesser accuracy.

Calculation of the pseudo first-order rate constant

The calculation of accurate dx/dt values is important, and a derivable function of x in terms
of time is needed. This is done empirically, and Occam’s razor is the most prudent way to
follow. The mass—time data pairs after x. are fitted to a cubic polynomial, for the direct
calculation of dx/dt. The cubic choice is based on the need of having enough curvature
(d?m/dt? # 0) for the calculation of -dm/dt at the various times. The use of higher-degree
polynomials should be avoided, because over smoothing of the m(t) data may lead to
concealing or distortion of physical information, and substantial errors may result in the
further design of an industrial dryer (Kemp, 2001). Two curves may be close together, but
still have different slopes (Scheid, 1968).

In any case, it is important to bear in mind that the polynomial fitting has no physical
meaning, since it is just a regression equation. The fitting can be obtained by using Excel or

any suitable software:
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x(t) = a+ bt + ct? + et? (6)

The values of dx/dt at different times come from direct differentiation and evaluation at the

various times:

d
e b+2ct+3et? )
dt

Discussion

A. Follow up from raw biomaterial to final product

It is important to evaluate how different the physical structures of raw biomaterials and
final products result, after a certain process is performed. For the mentioned H,0-soaked
compost made from coffee dregs and the original raw agro-industrial residue [(82,7 £ 0,2)

% H,0 content], one obtains the following kinetic parameters at 50 °C as shown in Table 1:

Table 1. Effect of composting on the drying kinetic features of coffee dregs, 50 °C and 87

kPa.
Parameter Raw coffee dregs H,0-soaked compost
% (H20)desorbed, 50 °c 775 42+1
10* (dx/dt)initia / s 3,4+0,8 2,6+0,1
Xe 0,50 £ 0,05 0,50 +£0,02
10k /stm? 2,5+04 5,65+ 0,07

a) The amount of H,0 desorbed from the initial raw material is greater than the case
of final H,O-soaked compost [(77 £ 5) % vs. (42 = 1) %, p < 0,01). The datum for the
raw dregs sample is the sum of “surface”, intra-matrix, and inter-particle H,O. The
experiment with the dregs was done without pressing the sample between kitchen
towels, as described above.

b) The initial relative rates of drying [(dx/dt)initiai] showed no statistically significant

variation. It is known that the rate of evaporation of liquids is independent of the
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surface the fluid lays down (Geankoplis, 2006), being only dependent on the
geometrical features of particles that define the magnitude of the fluxional area.
Comparison of the x. values cannot be done from these results, because the
elimination of the excess inter-particle H,O was not effectuated for the case of the
raw dregs sample.
c) A significant difference was observed in the values of the mass-transfer parameter
[k2]. The result is understood by keeping in mind that composting changes the
chemical and physical structure of materials, and consequently, the dynamic
porosity of the initial substrate becomes altered. One can believe the 2,3 X
difference in k; between the final compost product and the initial dregs material is
the result of lower tortuosity of pores resulting from the composting process.
B. Comparison of dynamic porosity of different lignocellulosic biomasses
A study discussed by Puente-Urbina et al. (2016) is a good example of the usefulness of the
simple procedure presented in this article.
The potential value of forest and agro-industrial residues as solid fuels is well appreciated
by the agribusiness sector. The materials must have low moisture content, and the ease of
drying of these raw feeds is a central point for the assessment of lignocellulosic stuffs as
thermal energy assets. Because drying is an energy-demanding unit operation, the
molecular aspects of water diffusion in biomass pores are important to consider for their
utilisation as fuels. Diffusion of fluids in pores is also significant for the understanding of
combustion and other thermochemical conversions, such as gasification and pyrolysis.
Flames originate from the oxidation of the thermally produced gases, that “catch fire” once
in contact with oxygen at the particles’ surfaces. Incomplete combustion gives rise to
undesired amounts of carbon monoxide, hydrocarbons and tar. This results in lower
combustion power and high emission of pollutants.
Puente-Urbina, et al. (2016) determined the x. of 14 sawdust samples of tropical trees of
commercial and environmental importance: Carapa guianensis, Vochysia guatemalensis,

Lecythis ampla, Tectona grandis L. f., Enterolobium cyclocarpum, Gmelina arborea, Cordia
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alliodora, Ficus werkleana, Cedrela odorata (orange tint), Cedrela odorata (dark tint), Pinus
caribaea, Samanea saman, Rollinia sp., Hyeronima alchorneoides.

Therteen (13) species showed an average x. = 0,26 = 0,03 whereas L. ampla showed the
higher value x. = 0,41 + 0,02. The results can be kinetically interpreted as the latter having
a greater degree of dynamic porosity. The authors discussed that L. ampla may have been
considered different from the beginning, because this species’ sapwood has more vascular
fibres. Its fresh wood is heavy (high degree of compaction) with specific gravity of about
0,60 — 0,90 in the dry state, compared to the average value 0,4 £ 0,1 in the group of
reference (p < 0,01). From the anatomical viewpoint, it can be said that high specific
gravities correlate with thicker xylem walls (higher mass-transfer capacity).

C. Drying of fresh wood

The incorporation of agro-industrial and forestry residues in the production of construction
particle boards is an option to minimise the polluting effect of this kind of residuary
materials. Agro-industrial remnants are also of value as animal food, animal bedding, or
generation of process-heat and steam. Their ashes can be used as source of minerals to
produce fertilisers and incorporated into circular-economy opportunities. Whatever final
use they are aimed at, they require easy handling and storage stability, and the least
possible moisture content.

Drying is an energy-demanding unit operation, and therefore it is necessary to consider the
dynamic porosity of the materials whose water content must be reduced. The minimum
energy expenditure in laboratory conditions of a porous material can be estimated from its
drying curve.

The residential electric outlet in Costa Rica gives 110 V electric potential, and the balances
in our laboratory consume 4 A electric current. For a particular test, the normalised
electrical energy used by the drying balances equals to the quantity (110 V x 4 A x
time)/minitias (Puente-Urbina, et al. 2016; Conejo-Barboza and Mata-Segreda, 2018). A plot
of energy vs. amount of residual moisture can be constructed, and figure 3 shows the case

of the drying of a sample of the compost mentioned above as example.
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Figure 3. Laboratory normalised energy cost for the drying of H,O-soaked compost from
coffee dregs, 50 °C, 87 kPa and laboratory relative humidity ~ 65 %.

A linear relationship between the energy used and the amount of residual moisture can be
observed in the range from the initial condition down to ~21 % of residual moisture content.
This limit corresponds to xc = 0,50 = 0,05. The molecular mechanism of this drying stage

III

corresponds to “superficial” evaporation, as the rate determining step; a situation like the
evaporation from a free-liquid surface. Beyond this point, drying depends on internal
diffusion through the solid matrix pores. Since now there is less drying (H.O evaporation)
per unit thermal energy input, the process deviates from the initial linearity. Botanists and
plant physiologists may find this kind of observation of interest to establish structure-
function correlations.

Engineers may be able to estimate the minimal amount of thermal energy needed to
conduct the drying process of porous materials, by interpolation from plots such as the one

shown. The actual energy cost is obviously dependent on the nature of the material to be

dried, the amount of raw material, its degree of hydration, desired final moisture content,
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heating input, mechano-electrical energy needed for forced purging air currents, heat sinks,

etc.

Conclusion
The proposed methodology is simple to conduct, and allows the microscopic understanding

of processing, either theoretically based or by trial and error, in terms of the supramolecular
idiosyncrasies of the porous materials to be dried.

Both x. and k; kinetic parameters can be used to assess diffusional barriers in porous
matrices, allowing comparison amongst materials. x. is easier to determine, and one
reckons that it is by itself enough to make comparisons of mass-transfer resistance between

different porous materials.
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