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Abstract

Hydrogels show potential in agriculture for overdogiissues associated with conventional fertilizard
irrigation. A combination of hydrogels and fertdiz would limit the loss of fertilizer and curb
environmental impact, especially for nitrogen-basechpounds, in addition to diminishing the frequenc
of irrigation. A set of renewable hydrogels, baseda mixture of whey proteins and alginic acid were
developed as a soil conditioner and for sustaieézhse of the urea fertilizer. Four separate foatraris
were prepared from different proteins at a polykadde ratio of 1% to 10% w/w (with respect to piot
content). The hydrogels were prepared by a heagpeetess, applying calcium chloride as the cross-
linking agent. The fertilizer was loaded into thaltogel during the preparation stage to heightedilm
efficiency. Investigation was made into the impattalginic acid content on morphology, swelling
behaviour - encompassing repeated swelling-dryyiedes, and water retention in soil under differght
conditions. The loading capacity and release ofurem the hydrogels were studied, and the data
processed in accordance with a mathematical moddistern any correlation between the structure of
the hydrogel, the presence of alginic acid and¢hlesase mechanism. The results demonstrate howagddi
alginic acid promotes possible utilization of thkey protein hydrogel in agriculture.

Keywords: hydrogels, alginate, whey protein concentratdilitaars, soil conditioner, swelling

1. Introduction

Recent years have witnessed the development ofvative systems able to control the release of
agrochemicals in soil. Such systems are based wougamaterials, either synthetic, semi-synthetic o
natural, and able to yield a large amount of fieeil while also offering protection against rapédease
(Rabat et al., 2016 Hydrogels as materials have attracted a grestafeattention due to their capability
for absorbing and retaining a large amount of walfi¢hin their structure (up to hundreds of timesith
weight) without dissolving Qalo et al., 2015 An additional advantage stems from their capaiuit
release up to 95% of the adsorbed water into thewuding environment; once dried out, they camede
hydrated through exposure to water.

Hydrogels are primarily used as soil conditionersan agricultural context, whereby they control the
moisture of the soil and supply water to plantsywal as serving for encapsulation and sustainkzhse
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of agrochemicals3ong et al., 2020Although the advantages of employing hydrogelagriculture have
been demonstrated, most commercially available ymsdare based on polyacrylamide (PAAm) and
acrylate derivativesL{ et al., 2019 Since these are not fully biodegradable, they e@wnsidered
potential soil contaminants. Even though PAAmM ig maetually designated as toxic, commercial
formulations contain residual amounts of acrylamideneurotoxic and carcinogen, raising conceres ov
possible contamination of soil and food. Hencepbigmers have been rising in popularity becausg the
are environmentally friendly and biodegradable,lgvbiso usually being less expensive to produce tha
synthetic materialdMishra et al., 2018McClements et al., 2017

Of the numerous natural polymers available, théepeace is for those with functional groups thakena
them easy to modify and sensible to variation &f shirrounding environment, e.g. pH or temperature
(Tang et al., 2020Thombare et al., 20}8Hydrogels that are pH-sensitive and based opdbymers are
primarily obtained from polysaccharides, such d@gshn, alginates and cellulose, or from proteircivh
has undergone heat-induced or cold gelation.

Whey proteins make for interesting raw materialghi@ formulation of hydrogels. They consist of the
globular proteins beta-lactoglobulin (ca 65% w/w)daalpha-lactoglobulin (ca 25% w/w), primarily
responsible for the capacities of gelling, emulsify foaming and hydratiorlGunasekaran et al., 20D7
Gelling is chiefly facilitated through an aggregatiprocess induced by increase in temperature,hwhic
unfolds the native protein and exposes polar residthereby allowing formation of the gel network
(Kharlamova et al., 2018A; Kharlamova et al., 20).8R8ixed hydrogels based on a combination of whey
proteins and polysaccharides have attracted grgatest in recent years, as synergistic interastion
between the two components lend additional funetipnmoperties to the subsequent hydrogels, compared
to those obtained from single componeridzdl et al.,, 2017 The repulsive and/or attractive forces
between the two biopolymers give rise to differbahaviour, including associative phase separation,
while co-solubility instigates soluble/insolublensplexes, which possess functional properties beyond
those found in polysaccharides or proteins ald»evi et al., 2017, Ates et al., 2020, Chaudarylgt a
2020. Moreover, mixed gels benefit from enhanced $tmat features alongside the ability to carry
active agents. The resultant properties of the gtels directly from the nature and concentratiothef
components, the given weight ratio and the ionmiergjth of the surrounding environmeKidin et al.,
2020. Herein alginic acid sodium salt has been choagncomponent to add to the whey protein
concentrate due to its recognised and well-knowmpgnties suitable for environmental application
(Sourbh et al., 2018

This study set out to develop a set of mixed hydiodgased on a combination of whey protein
concentrate and alginic acid sodium salt ,deemgticale for simultaneous or alternate use as ka soi
conditioner (by releasing water) and an agentHerdontrolled release of fertilizers. Soil condiges aid
retention of water in the soil by creating favodeabonditions for plant roots to grow; while agents
reduce any loss of the agrochemicals they contath inhibit unwanted conversion - especially for
nitrogen-based fertilizers - into derivatives witte potential to harm the environment. In this et
urea was selected as a model to assess the loagihgelease capabilities of the hydrogels, singg it
extensively deployed as a fertilizer in agricultufde hydrogels were prepared by a heat-set process
after which the effect of alginic acid (1%, 5% ah@% of the weight of the whey protein) was
investigated on morphology, swelling, water retemtin soil, encapsulation efficiency and urea redea
kinetics.

2. Materials and methods
2.1 Materials

Alginic acid sodium salt, urea and 4-(Dimethylamlbenzaldehyde were purchased from Sigma Aldrich.
Nutri Whey™ 800F (a pure whey protein product, 86Btained from acid whey) was sourced from
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FrieslandCampina Ingredients, NL, while acetic aaid hydrochloric acid came from Chromservis,
Prague, Czech Republic.

2.2 Preparation of protein-polysaccharide hydroges

Sets of hydrogels based on whey protein concenWdRC) in combination with alginic acid sodium salt
(ALG) were prepared by a heat-set process. A 208 swlution of WPC in distilled water was placed
under magnetic stirring for 24h for complete digtioh and then filtered to remove any lumps. Sodium
azide (0.01% v/v) was added afterwards to prevantdnial growth. This WPC solution was heated to
80°C and underwent stirring for 20 minutes at tiembperature. The WPC solution was subsequently
cooled to 50°C and a water solution containingawsiconcentrations of ALG added into it. Four sdts
hydrogels were fabricated in total, one solely dase WPC as the control, the other three containing
ALG at 1%, 5% or 10% in weight with relation to thenount of WPC, respectively: WPC+1% ALG;
WPC+5% ALG; and WPC+10% ALG. The pH was adjusted.@by HCI (0.1 M) as is close to the pl of
the whey protein (pl 4.3). At pH= pl or close tothe protein undergoes to higher denaturation @egre
when temperature raise favouring the formation hef hydrogel. In such condition increasing the
temperature the protein denaturise faster formireghtydrogel. In addition at pH 4.0 all the cardixy
groups displaced along ALG backbone are in thecistate. Afterwards, the mixture was stirred for 1h
and then the temperature raised to 90°C for 10t hen, 0.5 ml of Cag(0.5 mg/ml) were added by

a syringe, and cooled in an ice bath. The samesdrtoe was adhered to for formulation of the hydisge
with urea, the latter being supplemented after tamdiof the polysaccharide. The hydrogels obtained
were thoroughly washed with distilled water andestioat 4°C.

Figure 1 Schematic representation of hydrogelshegis procedure. Step 1) addition of sodium aziut iacrease temperature to'@p2)

addition of ALG and urea and cooling to'603) raise temperature to ‘80and addition of CaCl2; 4) fast cooling using lzeh to 0C. ALG,
Urea and CaClI2 were added under magnetic stirring.

2.3 Preparation of dry gel tablets

The gel tablets were prepared in accordance witlethod reported in the literatun€ikuchi et al., 1999

The hydrated gels were cut into tablets with theatisions of 10 mm in diameter and 2 mm in thickness
and subsequently dried in an oven at 60°C unty thed reached a constant mass (variation equalled
0.005 g). Two distinct groups, both comprising feats of tablets, were assembled in this manndi€Ta
1). The first group contained hydrogels based orCvdRd WPC in combination with ALG at 1% to 10%
in weight (of WPC), while the other was given ouer hydrogels with the same composition but
additionally loaded with urea.

Group | Group 11

WPC WPC + urea
WPC+1% ALG WPC+1% ALG + urea
WPC+5% ALG WPC+5% ALG + urea
WPC+10% ALG WPC+10% ALG + urea

Table 1 Designation of samples - WPC for contrappses, and the remainder with variation in the@atage of ALG2.4 M 0I‘ph0| ogy
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Scanning electron microscopy (Nova NanoSEM 450) amaployed to investigate surface morphology
and obtain cross sections of the dried hydrogelssdo understand the impact of ALG content on
structure.

2.5 Swelling experiments and swelling/drying cycles

The swelling behaviour of the hydrogels and impaktpH and composition on water uptake were
evaluated using an established protd@ilMartino et al., 2019) In brief, 500 mg of dry hydrogel was
placed in a permeable bag and immersed in 300 mieafia at pH 2, 7 and 9 (ionic strength 0.2 M) at
room temperature (ca 25°C). At a determined tirne,sample was removed from the media, dried with
filter paper and accurately weighed. The swelliatipr(SR) was obtained through the following equrati

Ms—Mg

SR =M_d [1]

where M, and M, indicate the weight (mg) of the swollen and drfiean, respectively.

The reswelling ability of each hydrogel was gaubggaonducting swelling-drying cycles to evaluate th
potential of reusing it in relation to the conteffWPC and polysaccharide. Each cycle comprisetigi.
dry hydrogel being placed in the media and remaitiirere until swelling equilibrium had been reached
ii. a period of drying at 60°C until constant welighas achieved (no change over time); and iii. the
sample being put back in the media again. The vlduewelling after each instance of drying in the
cycle was recorded. This procedure was repeatéicthmtweight did not differ by more than 50% oéth
value for the hydrated gel after its initial pregagon. Any decrease in the weight of the dry hyetafter
each cycle indicated a loss in the mass of the karapcribed to structural failure and hydrolysishe
chains.

2.6 Water retention in soil

The influence of ALG on the capacity of the hydrogehold water in soil was evaluated for up to 30
days by carrying out a test for its water evaporatatio (WER)(Rabat et al., 2016)The soil was dried

at 60°C for 2 days. Afterwards, 2g of dry hydrogare placed in a container with 300g of dried soil,
irrigated with 300m| of distilled water and weigh@d,). The containers were stored at room temperature
and weighed every 2 days for the period of 30 dig. The value for W was obtained by the
following equation:

Mie

iM% 100 2]
300

WER (%) =

2.7 Ureareease

The release of urea from the hydrogel formulatiavess investigated in distilled water at room
temperature in order to discern the impact exédniethe presence of the polysaccharide. 500mg of the
dry hydrogel supplemented with urea was placedind of media without stirring. The amount of urea
released was quantified by treating 3ml of the aste media with 4-(Dimethylamino)benzaldehyde



162
163

164

165

166
167

168

169

170

171
172
173
174

175

176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

201

202

(40mmol/l) and measuring absorbance at 245nm ol apéctrophotometer (Cary 300 UV-Vis Agilent,
UK).
The urea released (UR), expressed in per centcaleslated as followéTiwari et al., 2019)

222 4100 3]

UR(%) =

where 1, and A; represent the absorbance of urea released atibeguil at a certain time (t),
respectively. The release studies were performédpiicate.

3.Results

3.1 Hydrogel Morphology

Figure 2 Morphological evaluation of the hydrogefsl the effect of ALG on surface morphology. A,Bl&C refer to hydrogels based on WPC
20%; D, E and F to WPC+1% w/w ALG. The Figure dsté, WPC+5% ALG and WPC+ 10% ALG. The two hydreget the top are based on
WPC+5% ALG, with those at the bottom on WPC+10% AO®erein, H and | represent the surface morphotdfgy?PC+5% ALG, while L
and M those of WPC+10% ALG.

Figure 3 Cross-section micrographs of the hydrog®ISVPC; B) WPC+1% ALG; C) WPC+5% ALG; D) WPC+1084.G.

Investigation was made of the surface morphologguiie 2) and cross-sections (Figure 3) of the dried
hydrogels without urea by scanning electron miaopgc The micrographs presented in Figure 1
demonstrate how the presence of ALG influencedaserinorphology and the surface properties of the
material as a consequence. The surface of everglsasnnonhomogeneous, with variation in the patter
of the structure. Comparing the two extremes -siiméaces of WPC (Figure 2 B, C) to WPC+10% ALG
(Figure 2 L, M) - reveals the first has a visiblawe-like structure, while the latter shows partokégth
dimensions of between 0.5 andufin. It is the ALG in combination with CagCthat gave rise to the
formation of these particles. The formulation cariteg only 1% of ALG (Figure 2 E, F) displays nochu
particles, probably due to its low concentratiod #re lesser amount of ALG on the surface. Theratgse

of particles in the inner structure of the hydrog@Eigure 3 D) is due to the high viscosity of the
WPC+ALG 10% mixture; upon addition of CaCh layer of particles rapidly formed on the suefand a
small amount of CA penetrated the inner part of the gels. Differertmetsveen the hydrogels are also
discernible in their cross-sections. The WPC sanflpigure 3 A) possesses a structure that is porous,
wherein pores measure over 100 microns and smatles appear in the surface. These pores arose
through air bubbles occurring in the heating precalsthe WPC solution, said process denaturing the
protein and facilitating formation of the gel. Addi ALG reduced the extent of porosity. The WPC +
ALG 1% sample (Figure 2B) still shows high porosityits structure, although a thicker layer laystioa
surface due to cross-linking occurring between Adrial CaGl. Increasing the concentration of ALG to
5% and 10% meant that no pores existed in the istnecture due to such cross-linking. The structire
the film, seen here as a cross-section, deeplgtaffethe uptake and displacement of water molecules
and subsequently its swelling properties and tHease of urea (Tables 2 and 3 and Figure 4).
Supplementation with ALG changed the inner strietaifrthe WPC gel, consequently allowing regulation
of its properties in terms of water uptake, retamtand swelling—drying cycles, thereby defining the
durability of the gel. Release kinetics and loadivere additionally affected, along with the degtama
process (described in section 3.2).

3.21n vitro swelling behaviour
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Hydrogels designed as a soil conditioner have woidda high amount of water during the swelling
process. This stage involves the free adsorptiamabér, leading to dissociation of the hydrophgioups
and subsequent repulsion between the charged gratipshe creation of gaps due to expansion of the
polymer chains which are filled with water moleaulee Kruif et al., 2015)A priority is to understand
the swelling behaviour and water-holding capacitthe given hydrogel. The amount of water that lsan
retained in the matrix directly correlates with ssdinking density, the concentration of hydroghili
groups and their orientation within the matrix. TeaB presents data on increase in SR in the hytiroge
following the addition of ALG. This increase occlirs proportion with the content of ALG, i.e. the
number of carboxylic groups, and shows a maximufuevéor the sample with the highest content of
ALG (10% of weight of WPC). The swelling processitasappens in the presence of hydrophilic groups
essentially comprises four phases:nigbility, in which the kinetic energy of water-water vilwas is
transferred into water-ion vibratiokl¢rkay et al., 2000; 2) dissociationwhereby dissociation of COO
Na" into COO and N4 takes place due to the vibration of water moles;uBhydration,when negative
charges repel against each other and are neuttdljzthe water molecules, with the concurrent htydna

of Na' ions; and 4)swelling, where changes in hydrogen bonding confine watdecntes inside the
pores of the hydrogel network structuBe(Loos et al., 2005

Figure 4 Effect of pH, percentage and compositiorttee swelling ratio of the hydrogels. A) pH 2; @) 7 and C)pH 9 The data refer to the
mean value + SD (n=3).

The obtained data fully adhere to the phenomenarisefin water-holding capacity through the act of
increasing the concentration of polysaccharide. él@#, it is necessary to note such increase incitgpa
and the accompanied increase in swelling varigtartime that both took.

In the formulation based solely on whey proteingamirate, raising the content of ALG led to swellin
equilibrium being reached more rapidly than risevater-holding capacity. This can be ascribed & th
higher number of cross-linking points that slow thevement of water within the hydrogel matrix.

In accordance with the mechanism described abadewas expected to exert an effect on swelling
behaviour. The trends shown in Figure 4 indicatediect relationship between the pH of surrounding
environment and SR — the higher the pH, the higiewralue for SR. This is a consequence of theevalu
for pl (the content of protein in WPC) rather thhat for the pK of the carboxylic groups in ALG.

It is necessary to assess swelling and swellin@gidrigehaviour when developing soil conditioners and
fertilizers as carriers of hydrogels. Repetitiorttaé happens until substantial changes in akilitgbsorb
water are observedéong, et al. 2016).

Figure 5 Swelling ratio (SR) with reference to diguium (maximum swelling); a number of cycles wererformed until a decrease of 50% in
the mean value for swelling was recorded, comptréie initial value; the data refer to the mealue@a SD (n=3).

Figure 5 presents findings for the hydrogel formioles as they underwent swelling-drying cycles. Sehe
relate to changes in water adsorption by up to 0% series of cycles, varying in number from 410
according to the given composition, percentage &GAand surrounding pH. Out of the 10%
formulations, ALG showed the best performance, evttie optimal pH was seen to be 7. One such cycle
comprised swelling, drying in an oven at 60°C utht# content of weight of water equalled less tha

(of dried weight) and swelling once again. The dgtthered pertain to the swelling equilibrium achik
after the drying part of the cycle.

3.3 Water retention in soil
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The data plotted in Figure 6 reveal that the wateporation ratio (WER%) in soil was higher than in
soil containing the hydrogel over 30 days of studifie water loss from the soil was caused by
evaporation, as regulated by humidity, air tempgeatnd water-holding capacitRdbat et al., 2016
Water retention was seen to be best in the solh Witdrogels and 5% or 10% ALG, said samples
showing losses of up to 30% after one month (f&%18LG) and 36% (after one month), respectively.
The WPC hydrogel demonstrated the highest wateparation loss (over 80%) after one month. The
variances in trends and behaviour between WPC aR€ With the ALG hydrogel potentially arose
through the different structures of the materidgygre 2 and 3), since higher porosity leads ts les
effective retention of water in the tested conditiét also has to be considered that variationhia t
surrounding environment influenced the water-h@diapacity, with any such change reflected in Fgur
6.

Figure 6 Water evaporation ratio (WER %) in soill@oil containing the hydrogel formulations; theadi@fer to the mean value + SD (n=3).

Water content within the hydrogel is classifiedtasind, half-bound or free watéErol et al., 2019;
Barros et al., 2019)The latter has the highest mobility and is eadsist. Swollen hydrogels contain an
amount of half-bound and bound water that relatethé number of hydrophilic groups per unit volume
of the given hydrogel@Gun’ko et al., 2017; Shah et al., 2018jerein, this pertains to amino and
carboxylic groups. Adding ALG increased the conraian of the carboxylic groups per unit volume of
hydrogel, with a consequent increase in half-boamdl bound water. Interactions between water
molecules and biopolymers are based on hydrogedshavhich are weaker than the break point of the
covalent bond. Once water external to the hydregaporates, sufficient thermal energy exists takre
the hydrogen bonds between any water stored irkgiarad the structure of the hydrog€asolaro et al.,
2016; Sgambato et al., 2016)

3.4 Release kinetics

The release kinetics of urea from the hydrogel fdations are illustrated in Figure 7.

Figure 7 Cumulative release of urea from the hydrégrmulations at neutral pH and room temperatjeoverall release patterns; B) release
patterns for the interval of 720 min. Data aretgltas In(time) against In@¢y). Graph C) refers to WPC and WPC+1% ALG, whilesbpws
WPC with 5% and 10% ALG. The data refer to the meslne + SD (n=3).

The release patterns in Figure 7 A, B reveal thaeffect of ALG is significant at the amounts &6 and
10% WPC. The kinetics referring to the releaserefifrom WPC and WPC+1% overlap, suggesting the
effect of ALG is dependent on concentration. Th#uance of the polysaccharide on the swelling
behaviour of the WPC hydrogel exerted a subseqimepéict on its release kinetics and mechanisms.
Increasing the concentration of ALG meant a highenber of cross-linking points were present in the
structure, and this affected the inner morphologythe hydrogel and the rate of media uptake, the
dissolution of the urea and the mechanisms thraughh was released. Figure 7 (A, B) shows that the
presence of ALG at 5% and 10% prolonged the releésgea, with 80% of the total amount of urea
being released within one week, while the same amtaok nearly 9h for WPC and almost 11h for
WPC+1% ALG.

Figure 7A illustrates the general trend for releBmethe entire period of investigation. A monophas
pattern is depicted for the samples of whey andywhieth 1% of ALG hydrogel, demonstrating a steady
increase in urea released over time. A double plofsarea release is observed, conversely, in the
presence of 5% and 10% ALG. The first is charantekriby consistent rise until swelling equilibriug i
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reached. Afterwards, a sustained and slow coumeepds, in which around 80% of the loaded urea is
released after one week.

Reduction in time scale to the first 12 hours afitect (720 min.) is given in Figure 7B. This dekes
the urea release patterns for three main phasixe 8/PC and WPC + 1% of ALG hydrogels, alongside
a monophasic one in the presence of 5% and 10% AOBe WPC and WPC+1% ALG samples
exhibited an initial light burst, wherein 5% of ares released, followed by a lag phase of up to@h
and a final stage of heightened increase in thaiputo 12 h, by which point almost 80% of urea hadn
released.

In order to define the mechanisms involved in swthase and any relationship with the compositimh a
structure of the hydrogel, the data were processdtie basis of the power of law equation:

My
Mg

[4]

whereM; and M, denote the diffusion of urea from the hydrogetimie t and the point of equilibrium,
respectively Tiwari et al., 2019. The ratio of\; to Mcqrepresents the fraction of fertilizer releasechat t
determined timet), while k is a constant related to the polymer structure raisl the coefficient that
describes the type of diffusion. Plottimg(M/Mg vsin t (time) givesn, denoted by the slope of the line.
In accordance with the values obtained, the following mechanisms arentedon< 0.5 indicates quasi-
Fickian diffusion; forn between 0.5 and 1, it is a case | mechanism; and>f 1, a case Il mechanism
(Rizwan et al., 2017; Li et al., 2006).

= kt"

Figure 7C and D highlight two distinct trends folP@ and WPC+ALG 1%, pertaining to two related
values forn (the ' and 2“ phases), whereas a single pattern is discernibl®VPC + 5% and 10% of
alginic acid, with a unique value forcorrelating with the entire release process. lgssgthat in WPC
and WPC containing 1% of ALG at the initial phadettte release either the chain relaxation or the
solvent diffusion play a certain role. After a eénttime, the major contribution to the releasedming
from the solvent diffusion, due to an increasehim ¢hain relaxation timen(value increases). Conversely,
in hydrogels having 5 and 10% in weight of ALG tledease mechanisms are not varying during all the
process.

A summary of the relative equation, with the radat@lues forn and mechanisms involved in urea
release, are displayed in Table 2.

Formulation Equation n M echanism

WPC Phase I*y = 0.26x — 3.48 (R= 0.99) 0.26 quasi-Fickian diffusion (urea partially difeels
Phase II' y = 1.32x — 8.22 (R=0.99) 1.32 case Il

WPC+1% ALG Phase 1y = 0.39x — 3.92 (R=0.92) 0.39 quasi-Fickian diffusion (urea partially difiejs
Phase IT' y = 1.40x — 8.72 (R= 0.99) 1.40 case Il

WPC+5% ALG y = 0.51x — 4.43(R0.95) 051 case |

WPC+10% ALG y = 1.04x — 7.69 (RB.98) 1.04 case Il
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Table 2 Equation for to the trends reported in Fégé C and D, with calculated values forand the corresponding mechanisms; * from
commencement till 2h; ** over 2h.

The release process includes various phases ingallaie migration of the loaded from the initial o
within the polymer matrix towards the outer surfaoel then to the surrounding me@a and Kao,
2010) The solute diffusion, the swelling ratio, and rpes in the structure of the hydrogel matrix are
considered influencing factors in the transporthaf solute from the hydrogel towards the surroumdin
environmen{Fu and Kao 2010)The equations resumed in the Table 2 and thailesédtin values,
indicate that in all formulations the release isfdckian, where the polymer relaxation time isagee
than the solvent diffusion time, but quasi Fickaard non-Fickian (case | and case Il) where therpety
relaxation time is equal or lower than the sohdiffusion time(Grassi, 2005) The data indicate a direct
relationship between the increase in the ALG cdraen the variation in the release mechanism. As th
% of ALG raise then value, indicating a reduction of the chain mopjlilue to the increase in the
concentration of the crosslinking points. It moeegy from the Fickian release trend as the leafdirge

in the release is the solvent diffusion and norchaglaxation.

Conclusions

A set of hydrogels based on natural sources wezpaped as a soil conditioner and as carriers #®r th
release of urea. The hydrogels were obtained bgasdet process, applying whey protein concentnate
combination with alginic acid in addition to Ca@k the cross-linking agent. The amount of wheygimo
was maintained as a constant in the given formanratiwhile the variable in the experiment considut
the amount of ALG incorporated; this was expressedhe weight ratio between the content of protein
and polysaccharide, from a minimum of 1% to a maxmmof 10%. The impact of ALG on surface
morphology and the inner structure of the hydrogeds evident. The WPC hydrogel showed high
porosity with non-homogeneous pores exceeding li@foms in size. The addition of ALG shifted the
structure from porous to non-porous with a more gach inner structure. Porosity affected certain
aspects, such as the swelling ratio and water tietein soil. Samples containing a higher amount of
ALG demonstrated a different response to pH in $eoifSR and time, since a longer period of exposure
was required to reach equilibrium. The number dfléiag-drying cycles that defined the durabilitytbe
hydrogel as a soil conditioner went up in numbethes concentration of ALG was raised. The water
retention test performed in soil indicated a sloW&ER for the hydrogels supplemented with 5% and
10% ALG. The results clearly show the advantagesditfing ALG into the WPC hydrogel, and its
presence also affected the release of urea. Piogdabe data revealed that the urea was released fr
WPC and WPC+1% ALG in two main phases under twieidifit mechanisms - quasi-Fickian and case Il
release. Increasing the amount led to only one arés for release in its entirety, this being dafe

the hydrogel with 5% ALG and case Il for those aimihg 10% ALG.
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Figure caption

Figure 1. Schematic representation of hydrogels synthesisgglure. Step 1) addition of sodium azide
and increase temperature to 80°C; 2) addition of5A4nd urea and cooling to 50°C; 3) raise
temperature to 90 °C and addition of Ga@) fast cooling using ice bath to 0°C. ALG, ueeal CaC
were added under magnetic stirring.

Figure 2. Morphological evaluation of the hydrogels and éfiect of ALG on surface morphology.
A, B and C refer to hydrogels based on WPC 20%E@nd F to WPC+1% w/w ALG. The Figure
details G, WPC+5% ALG and WPC+ 10% ALG. The twotoggls at the top are based on WPC+5%
ALG, with those at the bottom on WPC+10% ALG. TlwereH and | represent the surface
morphology of WPC+5% ALG, while L and M those of BHP10% ALG.

Figure 3. Cross-section micrographs of the hydrogels: A) WBLECWPC+1% ALG; C) WPC+5%
ALG; D) WPC+10% ALG.

Figure 4. Effect of pH, percentage and composition on thellsng ratio of the hydrogels. A) pH 2;
B) pH 7 and C) pH 9. The data refer to the meane/alSD (n=3).

Figure 5. Swelling ratio (SR) with reference to equilibriymaximum swelling); a number of cycles
were performed until a decrease of 50% in the nvadure for swelling was recorded, compared to the
initial value; the data refer to the mean valueD:(8=3).

Figure 6. Water evaporation ratio (WER %) in soil and soih@ining the hydrogel formulations; the
data refer to the mean value £ SD (n=3).

Figure 7. Cumulative release of urea from the hydrogel foatiohs at neutral pH and room
temperature: A) overall release patterns; B) relgaatterns for the interval of 720 min. Data are
plotted as In(time) against In¢.,). Graph C) refers to WPC and WPC+1% ALG, whilesbpws
WPC with 5% and 10% ALG. The data refer to the medne £ SD (n=3).
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Highlights

= Renewable hydrogels based on alginate and whey protein were prepared

= Corrdations between alginic acid content and hydrogel properties were evaluated
= pH responsive swelling behavior

= Slow release of ureaand high water holding capacity

= Promising alternative to commercial hydrogels based on synthetic polymers
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