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SUMMARY:

During a forced convection drying and storage operation, the equilibrium water content of a product to be dried is critical. These
figures are frequently derived using isothermal sorption curves. The calculation of isotherms is a necessary step in determining
the distribution and intensity of water connections in products. Moisture equilibrium data for adsorption and desorption of
water from orange peel (Citrus sinensis) were investigated at tree temperatures 30-40-50 C° and water activity ranging from
0.05 to 0.9 to study the influence of the temperature on the equilibrium curves of the orange peel. Nine models, namely the
GAB, BET, Adam and Shove & Henderson Thompson, Caurrie, Oswin Smith Hailwood Horrobon Langmuir equations were
fitted to the sorption data. The hysteresis effect was observed. The net isosteric heats for orange peel were determined by the
application of the Clausius-Clapeyron equation to sorption isotherm obtaining from the best fitting equation.
KEYWORDS: Sorption isotherm, static gravimetric method, models, orange peel (Citrus Sinensis), equilibrium water content,
isosteric heat of sorption

INTRODUCTION:

Citrus fruits represent one of the most important fruit crops in the world.

Oranges are the most consumed because of their good flavor, high nutritional value and rich composition of
bioactive molecules (more than 170 phytochemical compounds are described [1,2]

The food processing industry and consumption

Citrus fruits produce enormous amounts of peels, pulps, and seeds as byproducts. These latter are frequently put
back into the wild and have a margin of 45 to 60% of the entire fruit [3,4]. During the processing of citrus fruits,
shells are the main by-products, and when left untreated, they will cause environmental pollution [5, 6]. The shells
are utilized for melas to feed animals, for fibers (pectin), and as fuel [7]. Based on the most recent studies, these
shells are a resource for biologically active compounds. They are known to have a high content of vitamin C and
secondary metabolites such as phenolic compounds especially flavonoids and essential oils [8, 9]. The last
compounds being the most important because of their various biological activities such as antimicrobial, anti-
fungal, anti-inflammatory, and antioxidant activities [10].

The determination of sorption isotherms is of important interest in any drying process. These isotherms allow to
know the final water content of a product exposed to defined drying conditions (temperature and humidity), and
provides information on limiting conditions during modelling, especially when the material is hygroscopic. Food
storage and shelf life. Their knowledge informs us about the hygroscopic or hydrological balance of the product
in question.
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Only from such curves, the stability of the product after drying can be established, and in this way, the content of
water in the product is known.

This equilibrium is characterized from these curves whose experimental determination requires a large number of
measurements.

They are also useful during a convective drying process. Indeed, it is from the sorption curves that we determine
the content of final water of a product to be dried. Also, it gives us information about heat isosteric and the
lifespan of the product.

The sorption isotherm is a curve that depends on the temperature, which is the ratio of the moisture content of
the product studied at different relative humidity environments ambient.

Figure 1. Samples placed in jar for the sorption isotherms test

2.1.2 Determination of sorption isotherms
We have realized this work at level of team of Solar Resource and its Application (GSA), of our Laboratory of
Energetic in Arid Zones, (ENERGARID) University TAHRI Mohamed of Bechar
Orange (Citrus sinensis) were purchased from local market of Bechar, Algeria in January and February 2021.
Drying oven.
Six Jar containing saline solution.
Sample carrier.
Saturated saline solution: KOH, MgCI2, K2CO3, NaCl, KCl, and BaCl2.
A fraiche mass of 0.07¢ for desorption and 0.05g for adsorption
The Hygroscopic equilibrium was attained after 10 days for desorption and adsorption.
The saturated saline solution used are KOH, MgCl2, K2CO3, NaCl, KCl, and BaCl2.
The equilibrium moisture content (EMC) is given by [11]:
Xea=M-Mg) My (D
The temperature of the thermostatic bath was changed, and the same experiment was repeated for desorption and
adsorption processes at 30, 40, and 50 °C.

Table 1. Selected salts used for preparing salt solution and their corresponding water activities:

Salt Water activity

30°C 40°C 50°C
KOH 0.0738 0.0626 0.0572
MgCl, 0.3238 0.3159 0.3054
K,CO; 0.4317 0.423 0.4091
NaCl 0.7511 0.747 0.744
KCI 0.8362 0.8232 0.812
BaCl, 0.898 0.891 0.8823

NB: befor beginning the prepation of the six salt solutions, we consulted the different values of the solubility of

the salt used.

Table 2. Used salts solubility

solntion

ROH MeCl, KXO; NaCL KCL BaCly

Solwblinfgl) 1100 341

1120

39

M0

2.1.3 Modeling of sorption isotherm

211



http://www.theaspd.com/ijes.php

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 12 No. 1s, 2026
https://www.theaspd.com/ijes.php

The relationship description between Xeq, Aw and temperature T was confirmed using the following nine models,
which were identified and selected to fit sorption isotherm for the experimental data of orange peel. The identified
equations are as shown in table 3 below

Table 3. Mathematical models used to describe desorption and adsorption isotherms of orange peel

Name of the model Model expression Reference
Henderson Thompson (l"(l—ﬁw))l ( (14)
-a(T+b)/
Adam and Shove Xeo = A+ BA,, + CAL + DAZ, (15)
Modified Oswin Xeo = (A +BT)(A,./(1 —A,))° (16)
Caurrie Xeo = exp(A+B xA,) amn
GAB Xea = A.B.C.ay/[1 —a,][1 —B.a, + B.C.a,] (18)
Smith Xeg =A—-Bin(1l-aga,) (19)
Langmuir Xeo =A.B.ay/(1+ b.ay) 20)
BET modified Xeg = (A+BT).C.a,,/[1 —a,][l —a, +C.a] (21)
Hailwood Horrobn _ (1800 aw 1800 (17
Xeq = (T) (a. b'TO—G - a.b.c) - (T)(b.mc/IOO — b.aw)

2.2Data analysis:

The goodness of fit was determined by using three statistical parameters:
- the coefficient of correlation (r) given by the software Curve Expert Professional 2.7.3
- the relative mean error (RME) given by the equation

RME:m§ X eqi,exp_X eqi,pre
N i=1‘ X .
eqiexp 2)
the standard error of the moisture content of the plant (SEM) expressed by equation (7):
5| f
Z Xeqi,exp_X eqi, pre
SEM ==
d
f 3)

2.1.2  Determination of the net isosteric heat of sorption
The following is the equation that can be used, directly provided by the Clausius-Clapeyron equation, for
determination of net isosteric heat of sorption from desorption data of moisture

In(4,)=- Ol g
kAL 4)

In this case, Tk is the absolute temperature (K), R is the universal gas constant (kJ/mol K), aw is the water activity
(dimensionless), and K is a constant. Plotting the sorption isotherms as I n (aw) vs 1/T for fixed equilibrium
moisture content values results in the isosteres curves. At every equilibrium moisture content value, the net
isosteric heats of sorption can be computed using the slope of the isosters curves, which equals - (gst/R).

The sorption isotherms are plotted as In (Aw) versus 1/T for fixed values of equilibrium moisture contents the
isosteres curves

3. RESULTS AND DISCUSSION

3.1 Sorption isotherm of orange peel (Citrus sinensis)

The experimental results of the desorption isotherm of orange peel Citrus sinensis (obtained at 30, 40 and 50°C)
is given in Fig [2.3]
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Figure 2. Desorption isotherm of orange peel experimental points at three temperatures
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Figure 3. Adsorption isotherm of orange peel experimental points at three temperatures

The curves of the sorption isotherms are sigmoidal in shape. These results are near to other results that are available
in the literature.

For greater temperatures, the excitation state of the molecules is higher, which provides reasons for reduction in
the forces of attraction of the water molecule to each other. For constant temperatures, the water activity raises
with the Xeq balance water content. At every temperature, Al isotherms demonstrate a rise in the equilibrium
moisture content as water activity increases. This can be explained by the molecules' excited states brought on by
an increase in temperature. [23], [24].

3.2 Modeling sorption isotherms.

The findings of the nonlinear regression analysis of the orange peel's desorption and adsorption isotherms
obtained at 30, 40, and 500C are displayed in Tables 4 and 5, respectively. For the temperatures under study, the
standard error (S), correlation coefficient (r), and percent average relative deviation (P) of the nine models—GAB,
BET, Handerson-Thompson, Adam and Shove, Caurrie, Oswin, Smith, Haillwood Horroben, and Langmuir—
fitted to the desorption and adsorption data are provided.

There are temperatures listed

Figures 4 and 5 present the experimental values of the equilibrium moisture content of orange peel sorption for
three working temperatures (30, 40, and 50°C) and for water activity ranging from 5-90%, as well as the curves
calculated by the GAB equation. For a given water activity, the equilibrium moisture content decreases as the
temperature increases.
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Figure 4. Desorption isotherm of orange peel fitted by GAB model
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Figure 5. Adsorption isotherm of orange peel fitted by GAB model

Tablel: Results of fitting of the desorption isotherms of orange peel (Citrus sinensis)

Modals Praramotars Teangprecnhices
(D) 30 °C 40°C 50°C

A o, 2304E01 2,3385 E-01 21207 EQL

B 7,6160 E101 9,1133 E101 77618 E101
AR = 1,655 E4+O1 o&7Is1 o134

s 2,7245 1,6665 1,2633

R 0,0051 09978 0,0051

Po% £ 5550 6.6305 54478

A 2,0676 1,2478 12418

B 85,5930 E101 5,5802 E+01 7,1843 E101
Adam i S22 I EOD 23215 EO2 -1,8045 E+O2
Shove c 2,2256 E102 23013 E102 1,7729 E102

s 3,650 26267 21205

R 0,0934 0,0056 0,9960

P% 10,4832 20,1633 58,0307

A ©,0509 EO2 1,0438 EOL 7,.5062 EO2

B 4,2106 E102 3,3124 E+02 4,1608 E102
EBET 3 3,834 3,2518 T.o851

R 0,9378 0,0504 0,0560

Po% 165714 15,2190 16,0187

A 1,0051 105 32,0005 E105 33476 E 05

B -3,6508 E103 5,0000 E103 | -6,6045 E103
Chemrin L 55,0304 ECOL 3,1257 E-0L 4, 7664 ECL

S 3,3261 2,6303 2,1348

R Q,9227 Q5045 OGS

P% 61,6022 12,0132 11,6917

A 1,4603 1,3519 1,435+

B 2,8826 2.9363 26759
Cmaerie 5 3, 5606 3,3554 27271

R 0,9576 0,9568 0,9500

P% 12,0200 13,5568 14,9209

A 223711 EQZ 2, 15480 B2 ~4,5055 EO2
Henderson B -3,1574 E+01 4,1834E+01 | -5,1015 E+O1
Thompson 3 4, 2630 3,7133 33,3223

R 0,9549 0,086+ 0.0515

Foo 15,511% 15,5015 x1,5052

M 1,8747 E+O4 1, 7632 E+O4 1,1071 E+O4

B 3,0282 EO3 27,9779 E-03 4,0501 EO3
Langmuir 5 7,8351 T,2211 5,0607

R 0,9452 0,9478 0.0615

P% 33,2465 33,0556 27,1106

s 3,6336 E'Q4 =4, 1525 Ev Q5 241X E1OG

B ~4,5576 E+O7 23,0441 EvO7 -3,3246 E1O2
Haibwood c 1,4331 E'09 1,0337 E'0R 2,1201 E104
Hoecben s 5, 7451 58,0508 5,6443

R O, 8454 (R~ O,8817

P GG 4627 34,6636 44,2041

A 3,1961 25388 3,3167

B 245872 EOL 13541 E+Q1 1,2733 E1O1
Semih 5 3,3497 2,9615 23551

R 0,0902 0,0014 00017

Foo 13 3023 13 6515 123135
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Table 2: Results of fitting of the adsorption isotherms of orange peel (Citrus sinensis)

Models Parameters Temperatures
(Ads) 30°C 40°C 50 °C

A 9,3812E-01 9,5965 E-01 9,3596 E-01

B 2,3868 E+01 1,7701 E+01 9,5384
GAB C 9,5242 E+00 7,8164 7,8590

S 2,8692 1,5550 0,9992

R 0,9943 0,9988 0,9990

P% 13,0609 10,6782 5,8800

A 1,3843 6,1579E-01 9,0990 E-01

B 7,3700 E+01 7,8599 E+01 5,6225 E+01
Adam and Shove D 2,1251 E+02 2,3871 E+02 1,7017 E+02

C -2,0206 E+02 -2,3592 E+02 -1,5884 E+02

S 3,1641 1,2986 1,8340

R 0,9948 0,9988 0,9958

P% 9,8612 13,4734 12,1449

A 1,2237 EO1 1,7266 E-01 1,6468 E01

B 2,6202 EQ2 1,4350 E+02 1,6239 E+02
BET S 3,1421 1,9956 2,0402

R 0,9914 0,9956 0,9935

P% 18,5194 15,8806 17,7861

A -1,2817 E+04 1,4808 E+05 -5,3346 E+04

B 4,2784 E+02 -3,7018 E+03 1,0672 E+03
Oswin C 5,6308E-01 6,2568E-01 5,9543 EO01

S 2,9747 1,7158 1,8233

R 0,9939 0,9974 0,9958

P% 16,2316 12,0435 13,7109

A 1,1297 7,1877E-01 7,9670

B 3,2422 3,5958 3,3450
Caurrie S 3,2727 2,5742 1,8066

R 0,9907 0,9927 0,9940

P% 14,0997 17,4051 12,8461

A -4,6271 E02 -2,1165 E-02 -3,7486 E-02
Henderson Thompson B -3,0858 E+01 -4,2106 E+01 -5,1350 E+01

S 3,3608 2,8825 2,1032

R 0,9902 0,9908 0,9931

P% 18,5577 19,7199 19,4680

A 2,2099 E+04 2,0664 E+04 1,7075 E+04

B 2,3947 E-03 2,2265 E03 2,3462 E03
Langmuir S 8,3364 7,8757 5,8767

R 0,9385 0,9296 0,9449

P% 40,0200 42,4691 39,5787

A 8,8904 E+04 1,9937 E+05 -1,3209 E+10

B -1,2222 E+08 99,9422 E+07 -3,6614 E+08
Hailwood Horoben C 4,7511 E+09 3,8518E+09 1,6306 E+10

N 9,3077 8,7951 6,5612

R 0,9386 0,9298 0,9451

P% 35,9069 42,5365 39,5516

A 1,3912 3,7671E-01 7,4118E-01

B 2,4354 E+01 2,2200 E+01 1,9278 E+01
Smith S 3,1770 2,8671 2,0203

R 0,9913 0,9909 0,9936

P% 13,9195 16,9309 16,9716

4. Isosteric sorption heats determination:
4.1.1 sorption isosters

The isosteric heat for orange peel is calculated from the desorption and adsorption isosteres figure 6 and 7.

The resulting curves demonstrate that the isosteric heat has higher values for low water content, which illustrates
strong binding of water to the substrate, and it becomes negligible compared to the latent heat at high humidity
level.

This is because the highly active polar sites of the product are covered with water molecules, which form the
monomolecular layer. These account for the rapid fall in isosteric heat at a low-water content in the product.
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Figure 7: Adsorption isosters for orange peel

4.1.2 Net isosteric heat sorption:

The isosteric heat of adsorption and desorption for different water contents is shown in figures 8 and 9. The
isosteric heat of sorption decreases as the water content increases.
Tsami (1991) [25] explains that the high value of sorption heat at low water content is due to the existence of

highly active polar sites on the surface of the product. Water molecules form a monomolecular laye.

Using the following relationships, the equilibrium moisture content of the product has been connected with the
net isosteric temperatures of water adsorption and desorption from orange peel.

Qst = 4,27055 + 193,5037. ¢ (-AW/44414)

For desorption where r2=0.9989

Qst = 3,4995 + 212,345, ¢ (-4W/46018) (6)
For adsorption where r2 =0,99959
= 30
= a perimen D! point
%_ \ - = — ;nlplcd ::r‘:- &nc—:p(;o:)
= \
8 20 \_\
E \
2 e
B 10 -
8 —~—-
= e -
g
- o ) - A - ) - A - A
- 10 13 =0 3 20
equilideive =moimuwe conteauK g X g DA
Figure 8: Net isosteric heat desorption of orange peel
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CONCLUSION:

Net isosteric heat adsorption of orange peel

®)

The moisture sorption isotherm of orange peel was determined at 30°C, 40°C, 50°C by a gravimetric method. The
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sorption isotherms assume a sigmoid shape.

Equilibrium moisture content decreases with an increase in temperature at constant equilibrium relative humidity
and increases with increasing equilibrium relative humidity at constant temperature.

Among the sorption models selected to fit the sorption isotherms, GAB equation seems to be the most appropriate
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