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Abstract

Coffee drying in humid regions is frequently hindered by high rainfall and elevated relative
humidity during peak harvest, prolonging drying times and risking microbial spoilage and
quality deterioration. This study introduces a novel framework in which low-temperature
drying is reframed as a gas—solid dehydration reaction, promoted by a catalyst analog
represented by regenerable desiccants integrated into the inlet air stream to lower the
humidity ratio (AY) and intensify the evaporation driving force. Two adsorbents, silica gel
type A and zeolite 13X, were evaluated using a coupled reactor model linking fixed-bed
adsorption kinetics with tensorial heat-mass transport in a 70 kg batch of parchment coffee
arranged in a 0.20 m thick bed. Drying simulations from 53% to 12% (wb) at 40, 45, and 50 °C
showed time reductions of 35-37% with silica gel and 44-57% with zeolite, yielding kinetic
promotion factors of up to 2.3 x relative to the control. Breakthrough analysis supported a
dual-bed alternation strategy, with regeneration at <130 °C for silica and moderately higher
for zeolite. A nomograph was developed to scale desiccant requirements across airflow
and AY targets. These results confirm the feasibility and scalability of desiccant-assisted
drying, providing a modular intensification pathway for farm-scale coffee processing.

Keywords: adsorption kinetics; catalytic analogy; fixed-bed design; heat-mass transfer;
humidity control

1. Introduction

In tropical coffee producing regions, the peak harvesting season often coincides with
extended periods of elevated rainfall and high ambient humidity, conditions that signifi-
cantly hinder the removal of moisture from parchment coffee during postharvest process-
ing [1]. The drying stage, which is essential for reducing moisture content to levels safe
for storage and export, becomes particularly challenging under these circumstances, often
leading to incomplete or uneven drying [2,3]. Elevated water activity (4, > 0.70) and high
moisture content during intermediate drying stages promote microbial growth and enzy-
matic activity, creating favorable conditions for fungal colonization and potential mycotoxin
production, notably ochratoxin A (OTA) [4,5]. The presence of this contaminant is a serious
food safety concern, subject to strict regulatory limits in major importing markets, and
even minor exceedances can result in shipment rejections and severe economic losses [4-6].
Prolonged exposure to moist conditions also facilitates the proliferation of spoilage mi-
croorganisms, accelerates enzymatic degradation, and alters the chemical composition of
the beans, affecting both volatile and non-volatile compounds [7-9]. In traditional sun
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drying, which remains the predominant method among smallholder farmers, the time
required to reach safe moisture levels can extend from fourteen to twenty-one days during
wet seasons [10]. This extended period of exposure increases the risk of contamination,
rewetting events due to nighttime condensation, and progressive biochemical degrada-
tion [11,12]. Regardless of whether the coffee is processed as washed, natural, or honey,
drying consistently represents the main bottleneck in safeguarding quality and ensuring
timely processing [2,12-14].

In response to these challenges, a variety of mechanical and hybrid drying systems
have been developed to reduce dependence on favorable weather conditions [10,15,16].
These systems include conventional heated air dryers powered by fossil fuels such as
diesel or liquefied petroleum gas, electrically driven dryers, and solar assisted designs
with thermal storage [13,17-19]. While effective in maintaining continuous operation dur-
ing adverse weather, they are often constrained by high capital requirements, substantial
operating costs, and significant environmental impacts [10]. Fuel-based dryers require a
consistent and reliable supply of combustible materials, a condition that can be difficult
and costly to meet in remote rural areas [20,21]. Electrically powered systems can strain
local energy infrastructure and result in high production costs in regions where electricity
tariffs are elevated or supply is unstable [15]. Furthermore, many of these designs con-
centrate on increasing air temperature to accelerate drying but give limited attention to
the psychrometric driving force, in particular the absolute humidity of the drying air, as a
variable that can be deliberately controlled to enhance moisture removal [16,22]. In humid
climates, even heated air may remain close to saturation, reducing the vapor pressure
gradient between the beans and the surrounding air [12,23,24]. This constraint means
that higher temperatures alone may not significantly improve drying efficiency, indicating
a need for strategies that alter air properties without proportionally increasing thermal
energy consumption.

Desiccant-assisted dehumidification is an established solution in sectors where pre-
cise humidity control is essential for maintaining product stability and process consis-
tency [25-27]. In the pharmaceutical industry, desiccants are used to protect moisture-
sensitive formulations, in food preservation they are employed to extend shelf life and
prevent microbial growth, and in industrial gas processing they are used to avoid conden-
sation and corrosion [28-33]. Common adsorbent materials such as silica gel, zeolite, and
activated alumina are capable of lowering the absolute humidity of process air, thereby
increasing the vapor pressure difference between the air and the wet material [34-36]. This
facilitates faster moisture migration without raising air temperature, enabling shorter dry-
ing times, reduced energy consumption, and improved retention of heat-sensitive quality
attributes [26,37]. Many desiccants can be regenerated with moderate heat input, allowing
multiple reuse cycles and making them suitable for both centralized facilities and small-
scale, decentralized operations [38—40]. Despite these advantages and their widespread use
in other industries, the application of regenerable desiccants in postharvest coffee drying
remains virtually unexplored. To date, there is little to no evidence of targeted research
or commercial use of this technology in coffee processing, even in regions where high
humidity during harvest severely limits drying efficiency, the use of desiccators has only
been reported for the transport of green coffee [30].

The present work reconceptualizes coffee drying as a gas—solid dehydration process
in which the moisture contained within the coffee matrix behaves as a reactant, thermo-
dynamically driven toward the vapor phase through a reduction in the ambient humidity
ratio [41,42]. In this framework, a regenerable desiccant functions analogously to a catalyst,
not changing the chemical nature of the water but increasing the effective reaction rate
constant by lowering the partial pressure of water vapor in the surrounding air [43,44].
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This analogy supports the application of fixed-bed reactor theory, adsorption kinetics, and
coupled heat and mass transfer equations to describe the integrated dynamics of air dehu-
midification and moisture removal from coffee [26]. Two adsorbents, silica gel type A and
zeolite 13X, are evaluated for their ability to maintain low humidity ratios under airflow
and temperature conditions that are representative of on-farm processing. The study com-
bines adsorption modeling with drying simulations at inlet air temperatures of 40, 45, and
50 °C to estimate reductions in drying time, determine optimal adsorbent quantities, and
develop regeneration strategies that are practical in rural contexts. By merging principles
from chemical reaction engineering with postharvest coffee technology, this approach offers
a low energy, modular pathway for process intensification that is scalable and adaptable to
the operational realities of smallholder farms in humid tropical environments.

2. Materials and Methods
2.1. Raw Material and Initial Conditions

The “reactant” in this study was Coffea arabica L. var. Cenicafé 1 parchment coffee
obtained from wet processing, with an initial moisture content Xy = 53% wet basis (wb). The
target final moisture content, Xp, lies in the range 10-12% (wb), consistent with international
storage and quality preservation standards [45]. A batch of wet processed parchment coffee
of mass myer = 70 kg was modeled, corresponding to approximately mg,, ~ 34 kg [42,46].
The coffee was arranged in a rectangular static bed of length L =1 m, width W = 0.50 m,
and thickness H, = 0.20 m, providing a cross-section area of 0.50 m?.

The coffee bed is conceptualized as a porous, anisotropic granular medium exhibit-
ing coupled heat and mass transport, where the moisture content X(7,t), with r denoting
the spatial position vector within the bed and t the drying time, was treated as a scalar
field embedded within a tensorial framework to account for direction-dependent diffu-
sivities [47,48]. The dry solid density (ps) and specific heat capacity (c,) were taken from
the literature for model parameterization [49]. For the present modeling framework, mois-
ture diffusivity, thermal conductivity, and equilibrium isotherm parameters were adopted
from representative values in the literature, recognizing that variability exists across coffee
varieties and microstructures [22,49].

2.2. Desiccant Selection and Adsorption Properties

The catalyst analog is represented by two high-capacity adsorbents, silica gel type A and
zeolite 13X, selected for their strong water affinity, regeneration stability, and non-toxic nature.
Equilibrium adsorption is described by the Dubinin—-Astakhov (D-A) equation [50,51]:

RT 1n(%0)
Geq(T, p) = gsexp | — —F 1)

where g¢ = equilibrium uptake (kg H,O-kg™! dry adsorbent); gs = saturation capacity
(kg HyO-kg™1); E = characteristic adsorption energy (kJ-mol~!); n = structural heterogeneity
parameter; py/p = relative vapor pressure at temperature T. Representative parameters
from literature: Silica gel A: g5 &~ 0.35 kg HyO-kg ! at 25 °C and 60% relative humidity
(RH), E = 5.9 kJ-mol~! and 1 = 2.0. Zeolite 13X: g5 ~ 0.28 kg H,O-kg ™!, E = 8.5 k] mol !,
n = 1.4 [50-53].

The desiccant bed was configured as a fixed-bed cartridge located upstream of the
coffee bed to reduce inlet humidity ratio Yj, while maintaining nearly constant inlet
temperature T,.
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2.3. Reactor Configuration

The drying system was modeled as a two-stage gas—solid reactor train, as illustrated
in Figure 1. Stage 1 corresponds to the adsorption reactor, in which humid air is passed
through a fixed bed of desiccant under quasi-isothermal conditions to reduce its absolute
humidity. Stage 2 corresponds to the coffee drying reactor, where the conditioned air stream,
with reduced humidity ratio, is introduced into a fixed shallow bed of parchment coffee.
This configuration enhances the vapor pressure gradient, thereby promoting moisture
migration from the coffee matrix while maintaining controlled thermal conditions.

Humid Air Dehumidified Air Exhaust Air
T=40-50°C AY ~0.006 kg kg™ Moisture *
RH=60-80 %

S ~i RH=20-50 % T~ constant
Flow= 3.5 m® min” Desiccant Bed > Coffee Bed —
(Silica Gel/Zeolite) (1.0x 0.5 x0.20 m)

H,O¢ (adsorbed)

Bed loading
Silica Gel: 26-44 kg
Zeolite: 36-59 kg

H,O (Evaporated)

' Stage 1 Stage 2

Figure 1. Desiccant-assisted coffee drying concept A Biofuel hopper (Cenicafé, Manizales, Caldas)
B. Heat exchanger (Cenicafé, Manizales, Caldas). C. Dryer (Cenicafé, Manizales, Caldas). Stage 1:
humid air passes through the desiccant bed where moisture is adsorbed. Stage 2: conditioned air
enters the coffee bed, accelerating moisture removal.

For this theoretical outline, the desiccant bed was assumed to operate under quasi-
isothermal conditions and the coffee bed under uniform airflow distribution, as necessary
simplifications to establish a tractable first-principles model [36]. These assumptions
provided a controlled baseline to couple adsorption kinetics with tensorial heat and mass
transfer, recognizing that future work should progressively relax them to account for
heterogeneity in farm-level dryers [54].

Stage I: Adsorption reactor (catalyst zone)

A fixed bed of desiccant operating under quasi-isothermal conditions [55], governed by:

Y  Keas
5= Y~ Yu(T, q)] @
d
5t = kaY =Yoo (T, 9)] ©)

where K is the overall gas-phase mass transfer coefficient, as the specific surface area, G
the mass flux of air, k, the intraparticle adsorption rate constant, and Y, the equilibrium
humidity ratio from the D-A isotherm.

Stage II: Coffee drying reactor
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A fixed, 0.20 m deep shallow bed of parchment coffee modeled via a tensorial form of
Fick’s second law coupled with energy conservation [56]:

X

a5 = V~(Dm~VX) — Yevap 4)
d(pc, T
% = V'(kth'VT) — Ay Tevap (5)

where D, is the moisture diffusivity tensor, ky, the thermal conductivity tensor, A, the
latent heat of vaporization, and 7y the volumetric evaporation rate:

Tevap = k(T/ aw)Ps [X - Xeq(T/ (P)] (6)

with a4, being the local water activity, ¢ ambient relative humidity after desiccant condi-
tioning, and k(T, ay) = koexp ( —%) (aw) the apparent drying rate constant [57]. For
scoping, silica gel cycle life ~1000 cycles [57], zeolite 13X ~600 cycles [51], capacity fade ~2%
per 100 cycles, bed Ap ~ 600 Pa at design flow, fan power ~ 80 W, maintenance interval
~6 months for inspection, dust removal, and adsorbent top-up [58].

2.4. Simulation Parameters and Boundary Conditions

Drying air was supplied at a volumetric flow rate [58,59] scaled to dry mass:
Qair = 0.10 m® min~! kgc;rly coffee @)

which yields Quir tot = 3.50 m3 min~! for Mgy =~ 34 kg.

Inlet air temperatures T}, between 40, 45, and 50 °C were simulated, with inlet relative
humidity (post desiccant) between 20 and 50%. The superficial air velocity is computed as
U = Qairtot/A, where A = 0.50 m?. The desiccant bed height was H; = 0.15 m with particle
diameter d, ~ 3 mm, porosity ¢; = 0.38, and regeneration performed at 110 °C after each
simulated cycle [60]. Convective boundary conditions are applied at the bed-air interface,
with heat and mass transfer coefficients (hr, hy,) obtained from Nusselt and Sherwood
correlations in laminar—transitional flow regimes [61].

2.5. Coupling and Driving Force Enhancement

The outlet air from the desiccant bed, with reduced humidity ratio Y,ut, becomes the
inlet air for the drying stage. This modifies the driving force for mass transfer [62] as:

APHZO = Psat(T)'aw — Pov, (8)

where py, « is the water vapor partial pressure in the conditioned air stream. Lowering
Po,  increases App,o without increasing T, thus promoting faster drying as illustrated
in Figure 2.

2.6. Energy and Economic Considerations

The desiccant-assisted system shortens drying time by At hours relative to a control
run without dehumidification. For the reference case, loose coffee husk (Lower Heating
Value, LHV ~ 17 MJ-kg~!) was considered as the representative biofuel commonly used in
Colombian coffee farms, allowing a direct assessment of the potential savings in renewable
on-farm fuel consumption [49]. The energy required for heating air in the conventional
process is:

Eheat = mdacp, da(Tin - Tamb)t )



ChemEngineering 2025, 9, 112

6 of 20

where 11y, is the dry air mass flow rate and ¢ is the total drying time. The desiccant
system reduces t by At, yielding proportional savings in thermal energy and biofuel
consumption. However, regeneration requires additional energy [63]:

Eregen = mdescp, des (Tregen - Tamb) + )\UmHZO,ads (10)

where 11,0 a4 is the adsorbed water mass to be desorbed. Economic feasibility is assessed
by comparing Eg,yed —Eregen and the associated biofuel cost reductions.

T T T e I y T 4 T % T
: 6.15 kP
6 | - - - Before desiccant (RH = 70%) Batadule.
- -o- - After desiccant (RH = 35%) [
54 s i
®© -
Eg/ .-~ 4.78kPa
(o] o~
=) 3.68 kPa
£
S 3 .
-
&)
5 1.85kPa |
143kPa  _ __----" i
110kPa _ __ _—----" Ll
1l @77
T T T T T " T " L ) J
40 42 44 46 48 50
Drying air temperature, T (°C)

Figure 2. Enhancement of the water vapor driving force (App,o, expressed as vapor pressure
difference in kPa) achieved through desiccant conditioning of inlet air at 40, 45, and 50 °C, for a
representative coffee water activity of a, = 0.85. Comparison shown for pre-desiccant (RH ~ 70%)
and post-desiccant (RH ~ 35%) conditions.

2.7. Numerical Implementation

The coupled adsorption—drying equations were discretized using a finite-volume
scheme with implicit time integration. Equations were discretized via finite-volume scheme
with implicit time integration. Tensorial properties D, and kth were expressed in principal
directions of the bed geometry. Convergence criterion:

|Xn+1 _ Xn|

—6
< <10 (11)

for all state variables (X, T, Y, g).
All simulations were implemented and solved in MATLAB R2024b (MathWorks,
Natick, MA, USA) using custom scripts.

2.8. Reaction Engineering Analogy

The combined coffee-desiccant drying system is formalized within a heterogeneous
gas—solid reaction framework, where the adsorption stage functions analogously to a
catalytic pre-treatment reactor and the drying stage operates as a reactive porous medium
system. The global process can be expressed as a two-step reaction scheme:

L. Adsorption (Catalyst Zone)

isothermal

Air(Yi,) + Dessicant (q0) ~ — ~ Air (Yout) + Desiccant (geq) (12)
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where Yj, and Yoyt are inlet and outlet humidity rations, and, qo, geq are the initial and
equilibrium adsorbate loadings on the desiccant. The dynamic adsorption rate is modeled
from Equation (3) with:

Yeq(T,q) = Po , from D — A isotherm relations (Equation(1)) (13)
psat(T)
II. Drying (Reaction Zone)
Coffee(Xo) "= Coffee (X ) + a0y (14)

The moisture migration inside the coffee matrix is governed by Equations (4) and (6);
however, a sensitivity coefficient was added for each parameter:

attdry
Sg. = ;GY (15)

1

A

where t g4,y is the total drying time from X to Xj. Positive Sy; values indicate prolongation
of drying time, whereas negative values represent acceleration.

2.9. Thermodynamic Cycle for Desiccant Regeneration

The regeneration of silica gel type A and zeolite 13X is modeled as a closed-loop
thermodynamic cycle comprising adsorption, heating, desorption, and cooling phases. This
cycle ensures continuous operation by alternating between adsorption and regeneration
beds in a swing configuration. A single-train configuration was assumed, representative of
the fixed-bed dryers most commonly used by smallholder farmers, to enable a like-for-like
comparison of silica gel and zeolite 13X under identical operating conditions.

The regeneration process is illustrated in Figure 3. Panel A shows the thermody-
namic T-s cycle, consisting of four stages: adsorption end (A), heating (B), desorption
(©), and cooling (D). Panel B presents the adsorption—desorption isotherm cycle, where
the numbered points correspond to adsorption (1-2), saturation (2), desorption (3—4), and
regeneration closure (4-1). Together, these diagrams describe both the thermodynamic
energy pathway and the sorption equilibrium transitions that govern desiccant cycling.

B. Heating C. Desorption 0.35 T T
380 1 @- == - m = m - m e e m e ey =
I - e c 1 1.~ L amm=-
' g 8 0304 —; g
3704 =
i @ S
— | o .-
¥ i @ 0.25 e i
= s g |
g | % 0.20 4 Ny —
2 350! > ]
o ' = s
2 ' = 015 z -
£ a0 = 3 Adsorption Isotherm
@ ! e S e Desorption Curve
! g 0.10 4 . —— Adsorption - Desorption Cycle, A
] ’
330, 35 1/
: +"A. Adsorption end g oosy ) ]
L, . Adsorption en
320 @
D. Cooling =
T T T T T 0.00 T T T -
A 0 100 200 300 400 B 0 20 40 60 80 100
Specific entropy, s (kJ kg’ K) Relative Humidity %

Figure 3. Thermodynamic and sorption cycles for desiccant regeneration. (A) T-s diagram with
four stages: A. Adsorption end, B. Heating, C. Desorption, D. Cooling. (B) Adsorption—desorption
isotherm cycle, where numbered points 1-4 correspond to adsorption (1-2), saturation (2), desorption
(3—4), and regeneration closure (4-1).
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Cycle Stages:
1. Adsorption (A—B):

Isothermal moisture uptake from drying air at T,45 (= drying inlet temperature). Heat
of adsorption, AH,qs, is released and dissipated via the airflow.

2.  Heating (B—C)

The saturated desiccant is heated to regeneration temperature Tregen (= 110 °C) at
constant moisture content. Energy input:

Qheat = Mdes Cp,des (Tregen - Tamb) (16)

3. Desorption (C—D):

Moisture is driven off at quasi-isothermal Tregen, with latent heat requirement:
Qdesorp = Ay MH,0,ads 17)

where MH,0,ads = qeq M des-
4.  Cooling (D—A):
The regenerated desiccant is cooled back to T4 for re-use. Energy recovery through

heat exchange with incoming regeneration air can be implemented for efficiency improve-
ment. The regeneration efficiency is defined as:

m A
Hregen = % (18)
regen
with typical values 0.45-0.65 depending on material.
Total Regeneration Energy Demand:
Eregen = Qheat + Qdesorp (19)
Total Regeneration (Saved Energy):
The energy saved by reduced drying time:
Esaved = Ma Cp, da(Tin - Tamb) At (20)
Economic feasibility is established if:
Esaved — Eregen >0 (21)

This metric is further translated into biofuel mass savings using the specific lower
heating value (LHV) of the fuel used for air heating. To simplify the regeneration model,
only the sensible heating of the desiccant matrix (Equation (16)) and latent desorption
energy (Equation (17)) were included. In practice, additional contributions arise from
(i) blower/fan work to circulate purge gas, (ii) sensible and latent loads associated with
heating the purge stream, and (iii) inevitable thermal losses through reactor walls and
piping as shown in Equation (22).

Qheater + Wblower +mgcp,g (TTregen - Ti ) .
= mdesz o Cp,des(T> dT + MH,0,ads Ay (Tregen) + Qloss

amb

(22)

where Qheater is the heater duty, Whlower the blower/fan work, mg the purge-gas mass flow
rate, and ¢ its heat capacity. On the right-hand side, 14 is the desiccant mass, ¢p,ges
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(T) its specific heat capacity, m,0ds the mass of desorbed water, Ay (Tregen) the latent
heat of vaporization, and Qloss the thermal losses. In the present work, this balance was
simplified by treating cy, 4es and A, as constants and neglecting blower work, purge-gas
loads, and heat losses. These terms should be included in detailed experimental or techno-
economic studies since these factors can raise the effective regeneration demand by 10-20%
depending on design and insulation quality [39].

3. Results and Discussion
3.1. Drying Kinetics Under Desiccant-Assisted and Control Conditions

Simulated drying curves of parchment coffee, expressed as dimensionless moisture
ratio X/ Xy versus time, are shown in Figure 4. In the control scenario, where drying air
was conditioned solely by heating, the total drying time to reach the target final moisture
content (Xy = 10-12% (wb)) was approximately 40 h at 40 °C, 30 h at 45 °C, and 23 h
at 50 °C. These values are consistent with experimental data for low-temperature thin-
bed drying of coffee parchment reported in previous studies [2,10,42]. Drying curves
were derived from a Fickian diffusion basis with effective diffusivity, embedded in the
tensorial transport equations, rather than from empirical thin-layer models such as Page or
Henderson-Pabis [64,65].

T T T T T T T T T T T T T

- & - Zeolite 13X, 50 °C|
- & — Zeolite 13X, 45 °C| 1
= - ¢ - Sjlica Gel, 50 °C | T
f? A ® - 4 - Silica Gel, 45 °C | |
= WA - ¢ - Zeolite 13X, 40 °C| |
£ Yt \’:\,A’»\ - e -Control, 50°C |
£ PR A, o - ¢ -Silica Gel, 40 °C | |
S 304 V2 2 ¥ KRN * o . - & - Control, 45 °C .
g » Q{\ \i“\,;\“ .o - ¢ - Control, 40 °C 1
B 27 AN g0 Ay *e |
o] \\R%Q\ % .\‘.Q " A ﬁ"\‘_ %
= 20- ., *}\\:\3\\“\"9 ‘*“ “o*‘ ]
15 - LN "*‘l::\‘: R gl SN .
: ®s "L‘g\. & {"‘o"*-o**o Loy, b ®
10 T T T T T T T T T T T T T T
0 10 15 20 25 30 35 40 45

Drying time (h)

Figure 4. Simulated drying curves of parchment coffee under control (heated air) and desiccant-
assisted (silica gel and zeolite 13X) conditions at 40, 45, and 50 °C. Initial moisture was 53% (wb) with
a target of 10-12% (wb). Desiccant-assisted runs show markedly steeper slopes and shorter drying
times compared to control.

The introduction of desiccants produced a marked acceleration of drying. At 40 °C,
silica gel reduced drying time from 40 h to 26 h (35% reduction), while zeolite 13X further
shortened it to 21 h (47% reduction). At 45 °C, silica gel required only 19 h and zeolite 15 h,
compared to 30 h for the control. At 50 °C, silica gel reduced the drying cycle from 23 h
to 15 h, whereas zeolite reached the endpoint in 12 h, translating into reductions of ~35%
and ~46%, respectively. The quantitative comparison is summarized in Table 1, which also
reports the apparent drying constants (k) fitted from the falling-rate period.
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Table 1. Drying times and apparent drying constants (k) of parchment coffee under different inlet air
temperatures with and without desiccant assistance.

Control Silica Gel Zeolite 13X
Inlet Air
TempCO) Time( k(1)  Time® Wi khh  Time@y WS kmoy
40 40 0.032 26 35% 0.048 21 47% 0.056
45 30 0.041 19 36.7% 0.062 15 50% 0.071
50 23 0.050 15 34.8% 0.073 12 46% 0.082

These curves highlight the role of the desiccant in enhancing the psychrometric driving
force. By lowering the absolute humidity of the drying air, the effective vapor pressure
gradient between the coffee matrix and the surrounding air increased, leading to faster
moisture migration [66-68]. The effect was most pronounced during the falling-rate pe-
riod, where diffusion and desorption resistances typically dominate [69,70]. Notably, the
desiccant-assisted process maintained steeper drying curves even at lower air tempera-
tures, indicating that desiccants can partially substitute for thermal input by providing an
alternative pathway to intensification [71].

From an engineering perspective, increasing inlet air temperature by 5 °C in the
control runs reduced drying time by ~25-30%. However, the addition of desiccants under
identical conditions provided an additional 30-40% reduction, underscoring their potential
as a complementary rather than competing approach to heat input [72]. This synergy
demonstrates that energy demand can be moderated without sacrificing throughput, which
is especially relevant in smallholder contexts where fuel availability or electrical supply
may be constrained [73,74].

Figure 4 clearly illustrates these differences, showing that zeolite consistently outper-
forms silica gel, though both materials deliver significant benefits compared to the control.
The early divergence of the desiccant-assisted curves indicates faster transition through
the constant-rate period, while the steeper slope during the falling-rate stage confirms
sustained drying acceleration throughout the process [75,76].

3.2. Comparative Performance of Silica Gel and Zeolite 13X

A direct comparison between silica gel and zeolite 13X reveals significant differences
in adsorption capacity, kinetics, and the resulting impact on drying behavior. Silica gel,
with a relatively high uptake at moderate humidity levels, provided effective acceleration of
drying, particularly at 40 °C where it reduced drying time by approximately 14 h compared
to the control (Table 1). However, zeolite 13X consistently outperformed silica gel across
all operating temperatures, owing to its stronger affinity for water and steeper isotherm
slope in the low relative humidity region [77,78]. At40 °C, zeolite shortened drying by 19 h
relative to the control, surpassing silica gel by an additional 5 h. At 50 °C, the difference
widened further, with zeolite achieving final moisture content in 12 h versus 15 h for
silica gel.

The superior performance of zeolite is further evidenced in Figure 5, which presents
outlet humidity ratio (Yout) as a function of drying time at 40, 45, and 50 °C. In the control
case, Yout quickly approached saturation values of ~0.014 kg H,O-kg~! dry air, causing
the psychrometric driving force to collapse. Silica gel maintained lower humidity ratios
(~0.008) for longer durations, sustaining moisture removal during the falling-rate period.
Zeolite 13X consistently achieved the lowest plateaus (~0.006), and its Yoyt profile remained
well below both the control and silica gel throughout the process. This air-side perspective
explains why zeolite enabled steeper drying curves in Figure 4 and more efficient use of
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adsorbent mass: the desiccant delayed breakthrough and preserved a strong vapor pressure
gradient across the entire cycle.
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Figure 5. Outlet humidity ratio (Yout) versus drying time at 40 °C (C), 45 °C (B), and 50 °C (A) for
control air, silica gel, and zeolite 13X. Zeolite maintained the lowest Yoyt plateaus, sustaining stronger
psychrometric driving forces throughout drying.

From a practical standpoint, silica gel remains attractive due to its lower cost,
widespread availability, and relatively mild regeneration requirements (~110 °C). Zeo-
lite, however, combines superior adsorption efficiency with higher regeneration energy
demand (~250-300 °C), raising economic trade-offs that must be considered in farm-level
applications. Thus, while zeolite 13X demonstrates clear technical superiority in sustaining
lower humidity ratios and faster kinetics, silica gel may present a more feasible option in
contexts where energy resources for regeneration are limited.

Table 2 summarizes the comparative performance parameters of silica gel and zeo-
lite 13X. While zeolite maintains lower outlet humidity ratios for longer durations and
delivers up to 50 times reduction, it requires higher loading per batch and more energy-
intensive regeneration. Silica gel, by contrast, provides moderate but still substantial
drying enhancement under milder regeneration conditions, aligning better with farm-level
energy availability [31].

Table 2. Comparative parameters of silica gel type A and zeolite 13X for desiccant-assisted

coffee drying.
Parameter Silica Gel A Zeolite 13X
Typical loading per 70 kg batch ! 2644 kg 36-59 kg
Breakthrough time 2 6-8h 9-12h

Minimum outlet humidity ratio

(Yout,min) 3

~0.008 kg HyO-kg~! dry air ~0.006 kg H,O-kg~! dry air

Relative drying time reduction 4 35-37% 46-50%
Regeneration temperature 3 ~110-130 °C ~250-300 °C
Regeneration energy demand Low-moderate High

Material cost (relative)

Low Moderate-high

! Based on simulation at 40-50 °C, airflow = 0.1 m®-min~!-kg~! dry coffee.? Time until outlet RH begins to
approach inlet RH, indicating loss of adsorption efficiency.> Based on the [51,52,78-80] findings.* Relative to
control heated-air drying at same temperature.

3.3. Energy Balance, Regeneration Cost, and Feasibility Window

The integration of desiccants into the drying process modifies the overall energy
balance by simultaneously reducing the thermal demand for air heating and introducing
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the additional cost of desiccant regeneration. In the control scenario, the total energy
requirement is dominated by the enthalpy input needed to heat the drying air stream
from ambient (T,1p) to the selected inlet temperature (T},), sustained over the full drying
duration (t.ps01) as seen in Equation (9), where g, is the mass flow rate of dry air and
Cp,da its specific heat capacity.

When a desiccant bed is integrated, the drying time is reduced by At, leading to pro-
portional savings in heating energy as stated in Equation (20). At 45 °C, silica gel shortened
drying by ~11 h, while zeolite 13X achieved ~15 h reduction (Table 1), corresponding to
heating energy savings of 30-40% compared to the control. This reduction is significant
because fuel consumption scales linearly with time in forced-convection dryers; thus, every
additional hour saved translates into measurable fuel savings and lower operating costs.

The trade-off arises from desiccant regeneration. Silica gel requires only moderate
temperatures (110-130 °C) to restore capacity, allowing regeneration to be achieved using
low-grade heat sources such as biomass combustion gases, solar thermal collectors, or
waste heat streams. Zeolite 13X, by contrast, demands considerably higher regeneration
temperatures (250-300 °C) to overcome stronger binding energies, making it more energy-
intensive to cycle. The regeneration load can be expressed as stated in Equation (10).

For the simulated 70 kg coffee batch, this represented ~26—44 kg of silica gel and
~36-59 kg of zeolite per run (Table 2). It is important to emphasize that, while the regenera-
tion sequence is conceptually the same for both desiccants, their thermal demands are quite
different. Silica gel requires only 110-130 °C and can be regenerated with simple rigs using
biomass flue gas or solar heat, whereas zeolite 13X demands 250-300 °C, requiring more
robust heating systems or renewable /waste heat integration. This distinction underscores
that silica gel is better suited for smallholder conditions, while zeolite may be viable only
where higher-grade energy inputs are available.

The net balance between energy saved during drying and energy required for re-
generation defines the feasibility window of desiccant-assisted systems. As shown in
Figure 6, both silica gel and zeolite remain feasible since their net energy balances are
positive across all tested temperatures. Silica gel provided the most robust margin, with
net savings of ~17-25%, while zeolite achieved only ~6-12%. This difference highlights
that while zeolite accelerates drying more strongly, the advantage is partially offset by its
more expensive regeneration.

+25% +25%

25

I silica Gel |
[ Zeolite 13X

20
+17%

15

10 1

Net energy balance (% of control demand)

40 °C 45 °C 50 °C

Figure 6. Net energy balance of desiccant-assisted drying relative to control at 40, 45, and 50 °C.
Positive values indicate that energy savings from shorter drying times exceeded the energy required
for desiccant regeneration.
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From an economic perspective, the value of reduced drying times becomes evident
when expressed in terms of renewable biofuel use, these savings correspond to a reduction
of approximately 1.6-1.8 kg of loose coffee husks per batch with silica gel, directly lowering
the fuel-demand. With loose coffee husk (LHV ~ 17 MJ-kg !, ~0.05 USD-kg 1), the control
run at 45 °C required ~5.2 kg of fuel (~0.26 USD). Silica gel reduced this by 1.6-1.8 kg
(~0.08-0.09 USD), while zeolite achieved only ~0.02-0.04 USD net savings. When fossil fu-
els are considered, the cost differentials widen. Diesel (LHV a2 43 MJ-kg~!, ~1.10 USD-L™1)
and Liquefied Petroleum Gas (LPG) (46 MJ-kg~!, ~0.90 USD-kg ') translate the energy
savings of silica gel into ~0.40-0.50 USD per batch, while zeolite remains marginal unless
heat recovery or renewable regeneration sources are employed, also, considering commer-
cial costs, silica gel (=~ 2-3 USD-kg 1) remains more economically favorable than zeolite
13X (= 4-6 USD-kg 1), as its lower market price aligns with its reduced regeneration de-
mand, further strengthening its feasibility at farm scale [36]. These values are summarized
in Table 3.

Table 3. Estimated fuel consumption and cost savings per 70 kg batch of wet coffee dried at 45 °C
under control and desiccant-assisted conditions. Columns show both fuel use (kg or L) and corre-
sponding costs (USD). Values are based on reference fuel prices (husk by mass, diesel by volume,
LPG by mass), assuming an average burner efficiency of 70% and constant local market prices; no
density corrections or variability effects are included.

Fuel Source (Fucl Cost - (Fueh Cop > O Cont o P Puel, CoshS” Zeolite Net Cost
cotee l(l)%sékt(JLsI;i; i\;[ e 03608D)  (©os0toUsD)  017018USD oSy 022:024USD
Diesil.ﬁlj\s/éiw)' KT L, oML, ossosousp  (SOSOIOL 061065 USD
LP%.ch)Hr}]sgi\gH()gil' U (1rom Ul 035-0d4ousD (GO 052-055USD

Although the absolute savings appear modest on a per-batch basis, the cumulative
effect across a harvest season is non-trivial. For a smallholder drying ~100 batches per
year, silica gel integration translates into 8-10 USD savings with husk fuel, but up to
40-50 USD if fossil fuels are used. At a cooperative or community dryer handling hundreds
of batches, these savings scale substantially [81]. More importantly, shorter drying times
increase processing capacity and reduce the risk of bottlenecks or microbial spoilage during
peak harvests, which represents an indirect but crucial economic benefit not captured in
fuel costs alone [82]. For comparability, fuel costs were normalized to delivered useful

price

heat as Cygeful = AL using # = 0.70, reference values are ~ 4.2 USD-GJ ! (husk,

17 MJ-kg 1), ~ 28 USD-GJ ! (LPG, 46 MJ-kg~!), and ~ 44 USD-GJ ! (diesel, ~ 36 MJ-L~!
from 43 MJ-kg ! and p &~ 0.84 kg-L~1). A one-way sensitivity with 57 € [0.60,0.80] and 4-25%
price variation yields ranges of 3.7-4.9 (husk), 24-33 (LPG), and 38-51 (diesel) USD-GJ ;
the relative ranking is unchanged.

Figure 6 consequently illustrates the dual perspective: both desiccants are energetically
feasible, but silica gel provides a consistently stronger balance between drying acceleration
and regeneration cost. Zeolite offers superior kinetics but narrower economic viability
unless regeneration energy can be sourced cheaply or sustainably. In addition, long-term
feasibility depends on desiccant durability, attrition, and the cost of repeated regeneration
cycles. While silica gel and zeolite are both regenerable, material losses can occur due to
handling and cycling stress, and adsorbent replacement may be required after extended
use. Durability testing under farm-level conditions will be necessary to determine the
effective lifetime of desiccants, their resistance to attrition, and the practical frequency of
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regeneration. These factors introduce additional costs beyond single-batch savings and
should be incorporated into future techno-economic analyses.

3.4. Sensitivity Analysis and Scaling Guidelines

The performance of desiccant-assisted drying depends strongly on operating condi-
tions. Sensitivity analysis was carried out to assess the relative impact of air temperature,
ambient humidity, airflow rate, and desiccant loading, allowing identification of the condi-
tions where desiccants provide the greatest benefit.

Temperature sensitivity. Increasing inlet air temperature accelerated drying in both
control and desiccant-assisted cases, but the relative benefit of desiccants was greatest
at lower temperatures. At 40 °C, silica gel and zeolite reduced drying times by 35-47%
compared to control, whereas at 50 °C the reductions were ~32-46%. This reflects the
fact that heating alone already creates a strong vapor pressure gradient at higher T, so
the marginal benefit of dehumidification decreases [26,80]. Practically, this implies that
desiccant integration is most valuable in low to mid-temperature regimes (35-45 °C), which
are often preferred for coffee to preserve sensory quality and seed viability [82,83].

Relative humidity (RH). Ambient RH proved to be the most critical factor. Under
humid-season conditions (RH > 80%), desiccant assistance nearly halved drying time
relative to the control, whereas under drier conditions (RH 50-60%) the advantage shrank
to ~15-20% [35]. The results confirm that desiccants are especially useful in equatorial coffee
zones where harvest coincides with rainy periods [84,85]. In such contexts, desiccants not
only reduce fuel consumption but also mitigate the risks related to incomplete drying [86].

Airflow rate. Convective transfer interacts strongly with desiccant efficiency. At low
velocities (<0.05 m-s~!), external film resistance limited the drying rate, so the benefit of
lowering air humidity was not fully exploited [59]. At intermediate flows (0.10-0.15 m-s~1),
the synergy between high mass transfer coefficients and drier air yielded kinetic promotion
factors up to 2.3 times more compared to control [54]. However, airflow increases also raise
fan energy demand and may incur higher operating costs [87]. This highlights the need to
optimize fan sizing relative to desiccant loading, rather than maximizing one parameter
in isolation.

Desiccant loading. Bed mass also exhibited a threshold effect. Undersized beds
saturated within 4-5 h, causing outlet humidity ratios to rise and eroding the initial
advantage [88,89]. On the other hand, oversizing above ~40 kg silica or ~55 kg zeolite per
70 kg coffee batch provided only marginal improvements in drying time but substantially
increased regeneration demand [90]. Hence, the most efficient operating point balances
breakthrough time with regeneration feasibility, reinforcing the analogy with optimal
catalyst loading in chemical reactors [36,90].

To support practical design, a scaling guideline is proposed in Figure 7, showing
desiccant mass requirements as a function of airflow rate and target humidity ratio re-
duction (AY). The chart indicates, for instance, that achieving AY = 0.006 kg H,O-kg !
at 0.10 m® min~!-kg ! dry coffee requires ~34 kg silica gel or ~48 kg zeolite. Such nomo-
graphs can be used to adapt the technology to diverse farm scales: at smallholder level,
prioritizing minimal desiccant mass to reduce regeneration energy; at cooperative dryers,
integrating larger beds with heat recovery systems to exploit zeolite’s superior kinetics [91].
Figure 7 should be read with practical constraints: footprint-limited bed thickness < 0.20 m,
superficial velocity 0.06-0.10 m s~1 allowable pressure drop <800 Pa, and available desic-
cant mass and heater capacity; selections outside these bounds imply higher capital, fan
power, or floor area.
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Figure 7. Nomograph of desiccant mass requirements as a function of airflow rate and target humidity
ratio reduction (AY) for silica gel (solid lines) and zeolite 13X (dashed lines). Nomograph use is
subject to footprint, Ap, and capacity limits noted in Section 3.4.

Overall, the sensitivity analysis confirms that desiccant-assisted drying is most ad-
vantageous under humid, low- to mid-temperature conditions with moderate airflow
and optimally sized beds [26,39,89]. The scaling guidelines bridge modeling results with
field application, enabling rational adaptation of the system across contexts ranging from
household-level solar dryers to large mechanical units [90,91].

4. Conclusions

This work introduced a novel approach to postharvest coffee drying, reconceptualized
as a gas—solid dehydration process enhanced by regenerable desiccants acting as catalyst
analogs. By lowering the humidity ratio of the drying air, desiccants intensified the psy-
chrometric driving force and accelerated moisture removal. Simulations showed that at
40-50 °C, silica gel reduced drying times by 35-37%, while zeolite 13X achieved 46-50% re-
ductions, reflecting its stronger adsorption capacity and sustained outlet humidity control.

Energetic evaluation demonstrated that both materials are feasible, since the energy
savings from shorter drying cycles exceeded regeneration costs. Silica gel provided the most
favorable balance, with net savings of 17-25% owing to its low regeneration temperature
(110-130 °C). Zeolite 13X delivered superior kinetics but achieved only 6-12% net savings
because of its higher regeneration temperature (250-300 °C), making it most attractive
when low-cost or renewable heat sources are available. Economic analysis confirmed
that silica gel consistently translates into meaningful per-batch fuel savings under both
biofuel and fossil fuel scenarios, while zeolite requires careful consideration of regeneration
energy supply.

Scalability was addressed through sensitivity analysis and a nomograph of desiccant
mass versus airflow and humidity targets. These results indicate that desiccant-assisted
drying is most advantageous under humid-season conditions, at moderate temperatures,
and with properly dimensioned beds. Importantly, the framework demonstrates that
desiccant-assisted drying enhances efficiency when using renewable biofuels such as loose
coffee husks, reinforcing its sustainability and practical relevance for smallholder systems
in humid tropical regions.
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Although this study was based on simulation, it establishes a rigorous proof-of-
concept bridging chemical reaction engineering with coffee drying. In addition to the
modeling results presented here, future research should experimentally validate desiccant-
assisted coffee drying at pilot and farm scales, assessing drying kinetics, adsorbent stability
across multiple cycles, and practical regeneration strategies, to translate this theoretical
framework into field-ready applications. Experimental determination of heat and mass
transport parameters in parchment coffee is also needed, as microstructural variability can
significantly influence drying kinetics and should be integrated to refine and validate the
model. Such validation will extend the merit of this work, consolidating its potential as a
practical and scalable solution for coffee producers in humid tropical regions worldwide.
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