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Introduction

A topic of interest in recent years in ruminant feed
has been the search for strategies that can optimize nutri-
ent synchrony between N and carbohydrate compounds
in the rumen, and promote better nutrient use and energy
efficiency as well as reduce the risk of environmental pol-
lution (Holder et al., 2015; Spanghero et al., 2018; Yan et
al., 2018). N retention in the rumen is mainly mediated
by the degradation rate of N compounds and carbohy-
drates, and by the energy available for protein synthe-
sis (Calsamiglia et al., 2010). In low-quality forage diets,
a source of Non-Protein Nitrogen (or NPN) is needed to
improve microbial growth. However, their use is limited
because the ruminal degradation rates of fiber (energy)
and urea hydrolyses are very different and they can lead
to loss of N or even toxicity (Almora et al., 2012; Holder
et al., 2013; Spanghero et al., 2018). However, urea is still
the most used NPN for this purpose due to its low cost,
availability, easy handling and application (Kertz, 2010).

The maintenance of bodily nitrogen concentra-
tion at non-toxic levels requires additional expenditure
of energy from ruminants (Pearson and Smith, 1943;
Paixao et al., 2006). Furthermore, high urea levels have
negative consequences for the environment, as they indi-
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2015; Yamamoto et al., 2016) have seen the development
of a new class of nanocomposites intended for slow ni-
trogen release from the simultaneous extrusion of mont-
morillonite and urea, with further addition of polymers
(hydrogel and paraformaldehyde). These materials were
tested under agronomical conditions, showing better per-
formance than commercial polymer-coated urea (Pereira
etal., 2017). To date, only a few studies on controlled urea
release strategies in the rumen have been found in the
literature, although a significant number of slow urea re-
lease materials have been manufactured and tested in the
past for other purposes, such as the application of urea as
a fertilizer (Ribeiro et al., 2011; Holder et al., 2013).

Thus, our main hypothesis is that the regular sup-
ply of urea by these novel nanocomposites in a ruminal
medium may favor biological activity in the same way
by better controlled application of the N source avoiding
the toxical effects of high dosage as previously observed
under agronomical conditions. Consequently, this study
is aimed at analyzing the performance of different urea
nanocomposites by an in vitro release approach involving
simulated conditions in the rumen. Based on our results,
we concluded that, in an effort to reduce ruminal degra-
dation, appropriate rates of urea can be developed using
these slow-release technologies.

cate that more nitrogen is being excreted in manure and

urine, thereby increasing problems in the water quality,

Materials and Methods

and odors from gases exhaled from these waste products

(Cherdthong and Wanapat, 2010). A slow or controlled
release of urea into the rumen is therefore an essential as-
pect for rational use of these inputs in feed. Earlier studies
by our research group (Pereira et al., 2012; Pereira et al.,
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Preparation of nanocomposites

Commercial urea (Ur) had been previously ground
with a ball milling apparatus (Servitech CT-241) and
then sieved through a 30 mesh sieve. Montmorillonite
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(MMT) was used without purification. Polyacrylamide
hydrogel (HG) was synthesized following the methodol-
ogy reported by Bortolin et al. (2012). Paraformaldehyde
(Pf - solid) was purchased from Sigma-Aldrich and used
as received.

Five different nanocomposites were prepared and
divided into two groups. The first group comprised mix-
tures between montmorillonite and urea at different
mass ratios, namely, MMT/Ur 1:1 (50 wt.% urea), MMT/
Ur 1:2 (66 wt.% urea) and MMT/Ur 1:4 (80 wt.% urea).
The second group of nanocomposites was prepared on
the basis of MMT/Ur 1:4 formulation, but modified with
two different components, polyacrylamide hydrogel (2
wt.%) and paraformaldehyde (1:0.5 urea: paraformalde-
hyde molar ratio). These nanocomposites were re-named
as MMT/Ur 1:4/HG and MMT/Ur 1:4/Pf, respectively,
and were prepared following the methodology previous-
ly reported by Pereira et al. (2015) and Yamamoto et al.
(2016). The components (urea, montmorillonite, para-
formaldehyde, and hydrogel) were weighed separately
and then mixed until a homogeneous formulation was
obtained. Afterwards, water was added to the formula-
tion at a concentration of 13 wt.% based on the total
sample mass, homogenized again and then extruded on
a twin-screw extruder (Coperion Werner and Pfleiderer)
at 40 °C and 150 rpm (Pereira et al., 2012). The resulting
nanocomposite samples were dried at room temperature
for five days, with the exception of the MMT/Ur 1:4 /Pf
0.5 nanocomposite, which was dried at 90 °C in order
to formulate a curing process (formation of urea-formal-
dehyde polymer). Extrusion processing was used in this
work due to its feasibility in terms of obtaining a large
amount of pelleted mater possibly enabling further com-
mercial application of the MMT/urea nanocomposites.

Characterizations of nanocomposites

X-ray diffraction (XRD) analysis was carried out
on samples previously ground in a mortar and pestle.
The relative intensity was recorded in the angular range
(20) from 3 to 40°, using Cu-K radiation (A = 0.1546
nm). The scan speed was 1° min™, and the voltage and
current of the X-ray tube were 30 kV and 30 mA, respec-
tively. The XRD technique is commonly used to deter-
mine crystalline phases. Crystalline solids have atoms
arranged in ordered crystal planes which are separated
from each other by distances of the same order of mag-
nitude as the X-ray radiation wavelength. By focusing
an X-ray beam on a crystal, the beam interacts with the
atoms present in the solid, resulting in the diffraction
phenomenon. The interplanar distance "d" of MMT was
calculated using Bragg's Law which establishes a rela-
tionship between the diffraction angle and the interpla-
nar distances (characteristic for each crystalline phase):

2dsenf = ni (1)

where n is the order of reflection (n = 1), A the wave-
length of the X-ray, and 0 the angle of diffraction.
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The morphological and qualitative chemical analy-
sis of the samples were performed by Scanning Electron
Microscopy (SEM) coupled to an energy dispersive X-ray
(EDX) analysis system. Pellets from the samples were
manually broken and fixed on stubs with carbon tapes,
so that the cross-sectional surface was examined. Sam-
ples were coated with carbon in Sputter Coating equip-
ment complete with a carbon evaporation accessory.
The accelerating voltage in the SEM analysis was 15 kV.
Composites and their starting materials were subjected
to thermogravimetric analysis on Q500 equipment. Sam-
ples, approximately 10 mg in size, were placed on a plat-
inum crucible and heated up to 600 °C at a heating rate
of 10 °C min' under a dynamic atmosphere of synthetic
air with flow of 60 mL min-!. Elemental analysis was
conducted using 5 mg of sample for each measurement.

Evaluation of urea release in water

The study of urea release to an aqueous medium
at 25 °C consisted of adding sample pellets directly to
a beaker containing 400 mL of distilled water at neu-
tral pH. Each experimental unity (beaker) was shaken
in a thermostated device running at 30 rpm for 120 h. A
constant mass of urea per sample was used in all experi-
ments, which were performed with five repetitions for
each type of nanocomposite. Pure commercial urea was
also tested for comparison purposes.

0.5 mL aliquots were collected at different time
intervals up to a maximum sampling time of 120 h.
Urea concentration was immediately determined using
a methodology proposed by With et al. (1961) in a UV-
Vis spectrophotometer. The method is based on mixing
aliquots of 0.5 mL of an Ehrlich’s reagent and 2 mL of
a 10 % trichloroacetic acid solution with a subsequent
absorbance reading at a wavelength of A = 435 nm.

In vitro tests of dry matter digestibility

The in vitro dry matter digestibility experiments
were conducted at Sdo Carlos, in the state of Sdo Pau-
lo, Brazil (21°57'31" S, 47°50'32" W, altitude: 837 m).
Tests were performed using pure sugarcane straw and
sugarcane straw supplemented with 7 materials, 6 non-
protein nitrogen sources and pure montmorilonite. The
samples tested in this experiment were: (a) MMT/Ur 1:1;
(b) MMT/Ur 1:2; (c) MMT/Ur 1:4; (d) MMT/Ur 1:4/HG;
(e) MMT/Ur 1:4/Pf; (f) pure MMT, and (g) pure urea.

Composites had been previously dried in a circulat-
ing air oven at 90 °C, ground and sieved through a 25
mesh sieve to obtain a powder particle size smaller than
1 mm (Figure 1A and B). Sugarcane was dried at 60 °C
for 72 h and milled on a Willey milling machine with a 1
mm sieve (particle size smaller than 1 mm) and its com-
positional analysis is summarized in Table 1. Sugarcane
was chosen because it presents a low protein content, low
digestibility, and is thus suitable in non-protein nitrogen
supplementation studies. Rumen fluid was collected 1 h
before starting the experiment from two animals previous-
ly fasted for 12 h and stored in a thermal preheated bottle.
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Figure 1 - Images of ground composites. (A) real size and (B)
microscopic images.

Table 1 - Composition of sugarcane used in the in vitro dry matter
digestibility tests.

DM CP ADF NDF CF Ashes EE Lignin I'DMD NPN

M 95.35 2.4435.3858.1428.50 2.11 1.12 4.88 52.71 0.11

S 0.86 0.46 154 2.85 250 0.19 0.39 1.40 230 0.02

CV% 0.9018.75 4.36 490 8.76 9.09 34.60 28.67 4.36 19.47

DM = dry matter; CP = crude protein; ADF = acid detergent fiber; NDF =
neutral detergent fiber; CF = crude fiber; EE = ether extract; IVDMD = “In vitro”
dry matter digestibility; NPN = non-protein nitrogen; M = Means; S = Standard
deviation of means; CV = Coefficient of Variation.

Digestibility tests were conducted in two stages:
fermentation with rumen microorganisms and solubili-
zation of fermentation residues with a mild detergent
solution. First, apparent digestibility was determined
using an automated incubator system. In this step the
samples were weighed and stored under heat-sealed
F-57 bags in order to obtain 0.05 g of sugarcane and 1
wt.% of urea in each bag. Each digestion jar contained
a type of food, totaling 24 bags (18 samples and 6 empty
bags as a control), where each bag corresponds to an
experimental unit. The samples were incubated at a 4:1
buffer solution volume ratio (MacDougall solution, final
pH = 6.69) and 400 mL of rumen fluid. The bags were
distributed evenly into jars with the aid of an internal
divisor and then CO, was flushed through the jars for 5
min to adjust the pH. The jars were incubated at 39 °C
under mild rotational stirring. The samples were tested
in triplicate at 6 different times: 12, 24, 36, 48, 72 and
96 h. The pH was also measured during the tests. For
each data collection event, the bag was washed with hot
water and dried in an oven for 24 h. The dried bag mass
was registered, and then the bag was stored in a desicca-
tor prior to the second step.

In the second stage, bags collected at the differ-
ent digestion times were subjected to a reflux procedure
with a mild detergent solution for approximately 1 h in
order to separate the undigested cell wall portion from
the microbial material, which enabled determination of
true digestibility (Van Soest et al., 1991). The NDF analy-
sis was performed on a fiber analysis equipment. The
reflux treatment was followed by three succesive wash-
ing cycles with deionized water for 15 min. After this
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procedure, the bags were dried at 90 °C and weighed
for calculation of dry matter (DM) digestibility (Ankom
Technology, 2015).

The change in ammonia during the digestibility
tests was examined by a spectrophotometric method and
flow injection analysis (FIA) in a spectrophotometer cou-
pled to a peristaltic pump. 5 mL of rumen liquid were
collected with an automatic pippetor and stored in a fal-
con tube containing 0.2 mL of sulfuric acid solution (50
% v/v). This method consists of injecting the sample into
a carrier stream system driven by a peristaltic pump,
whereby the sample reacts with a sufficient quantity
of reagents to form an indophenol blue complex whose
color intensity is proportional to the ammonia concen-
tration (Nogueira et al., 1996).

The Orskov and McDonald equation (1979) was
used for digestibility of kinetic parameter determina-
tion:
p=a+bll-e* (2)

where p is the DM degradation (%) at time ¢, a the soluble
fraction, b the slowly degradable fraction (%), and ¢ the
rate of degradation of the b fraction (% h!). Non-linear
regression was used for parameter estimation and the
Durbin Watson test was used to verify autocorrelation
of the regression residuals. The parameters of the digest-
ibility kinetics of the different materials were compared
by analysis of variance and Duncan's multiple compari-
son test. All statistical analyses were performed using
the R software 3.3.2 package at a significance level of
5 %.

Results and Discussion

Pure MMT and MMTloaded nanocomposite
samples were characterized by XRD to verify the oc-
currence of MMT exfoliation and/or intercalation within
the nanocomposite structures. Based on this equation
and the results shown in Figure 2A, MMT presented a
basal reflection 001 at 6.84° of 26 (d,, = 1.30 nm) which
is displaced to very small angles in all the nanocompos-
ites - confirming the correct nanocomposite formation.
The XRD analysis showed that intensity of this reflexion
largely decreased in the nanocomposite patterns, indi-
cating that the MMT particles were exfoliated within
the nanocomposite matrixes due to intercalation of urea
(Ahmadi et al., 2004; Wang et al., 2010).

Scanning electron microscopy (SEM) was per-
formed in order to verify the samples’s microstructure,
as shown in Figure 2B-H. The microstructural domains
of the nanocomposite samples were confirmed to be
urea, polymerized urea or MMT by SEM-EDX. The
characteristic lamellar structure of MMT was observed
in all nanocomposites, but this feature was less pro-
nounced in the MMT/Ur 1:4 sample, indicating a higher
MMT dispersion level with increasing urea content.
The particle size of urea crystals decreased in the sam-
ples MMT/Ur 1:4, MMT/Ur 1:4/HG and MMT/Ur 1:4/
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Figure 2 - (A) X-ray diffraction (XRD) patterns (26 = 3-10° angular range) of pure Montmorillonite (MMT) and composites. SEM images of (B) pure
MMT, (C) pure urea, (D) MMT/Ur 1:1, (E) MMT/Ur 1:2. (F) MMT/Ur 1:4, (G) MMT/Ur 1:4/HG, and (H) MMT/Ur 1:4/Pf.

Pf when compared with pure urea. The MMT/Ur 1:4/
Pf nanocomposite presented crystals with a needle-like
shape, which were identified as being polymerized urea
(urea-formaldehyde polymer). These changes in size
and shape of crystals are related to recrystallization of
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solubilized urea. The needle-shaped crystals had N, O,
and C as their major elements, while the lamellar forms
or the material surrounding the particles were mainly
composed of Al, Mg and Si. These are characteristic ele-
ments of urea and MMT, respectively.
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The thermal decomposition of the composites was
studied by thermogravimetric analysis (TG and DTG).
DTG spectra differed according to the composition of
the nanocomposites and are presented in Figure 3. Pure
urea exhibited a thermal profile that corroborates with
others reported in previous studies (Brack et al., 2014).
It starts before the melting point (132.5 °C) up to ap-
proximately 400 °C, where complete oxidation of urea
takes place. Pure MMT presented mass loss only at ap-
proximately 800 °C, which corresponds to structural
water or MMT dehydroxylation, as previously observed
by Zhang et al. (2015). Pure HG presented 3 mass loss
steps: 100-230 °C (elimination of water), 300-430 °C
(oxidation of side amide groups and crosslinking agent),
and finally at 430-560 °C (degradation of polyacrylamide
chains). Pure Pf depolymerizes at temperatures above
115 °C; formaldehyde is rapidly volatilized above this
temperature range (Yamamoto et al., 2016).

The MMT/Ur nanocomposites exhibited weight
loss stages analogous to those of pure urea, but the first
loss stage was shifted towards lower temperatures prob-
ably due to cohesion of the materials. In contrast, the
MMT/Ur 1:4/Pf nanocomposite presented shifts in the
first and second stages towards higher degradation tem-
peratures, indicating that urea polymerization had taken
place in this sample. Accordingly, losses were observed

0,
52% _21%  MMT/Ur 1:4/HG
0,
Gl MMT /Ur 1:4/Pf
9%
46 %
MMT / Ur 1:2

MMT /Ur 1:4

l_
= 40 %
£ MMT /Ur 1:1
32% 27 %
0,
1% HG
100 %
Paraformaldehyde
9% mMmT
82 %
16 % Urea

—7f1 v 1 1 v T1 1 1T ° Y T ' "™ T ™ T °
100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)

Figure 3 - DTG curves of nanocomposites and their neat precursor
materials. The % weight losss of main thermal events are indicated
on the curves.
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at approximately 115 °C, which noticeably suggests that
all paraformaldehyde molecules were primarily con-
verted into a polymer with urea. The degradation stages
of the MMT/Ur 1:4/HG nanocomposite were exposed
to higher temperatures, suggesting interaction between
urea and hydrogel. The peak at 350 °C is indicative of
this interaction and may be attributed to urea fractions
strongly linked to the hydrogel. The final residue con-
tent of all samples, showed by TG curves, was propor-
tional to the MMT amount, since MMT does not suffer
thermal decomposition in this temperature range.

In order to examine the chemical composition of
the formulations, the samples were studied by elemen-
tal analysis (CHN), Table 2. As MMT is not composed
of nitrogen, the N content of the nanocomposites was
expected to be proportional only to the amount of urea
present in each formulation. CHN analysis of all formula-
tions showed the correct levels of nitrogen, indicating that
there was no loss of nitrogen through volatilization dur-
ing the extrusion process. Urea also contains carbon in
its molecular structure; thus, the content of carbon of the
nanocomposites was seen to be proportional to their urea
content. The C contents were in excess of the expected
values, which may be due to the presence of organic mat-
ter in the MMT. The H percentage corresponds to the por-
tion of urea in the formulations, but certain values were
slightly higher than expected, which may be attributed to
the presence of hydration water molecules.

The urea release in water was studied in order to
examine whether there was a delay in the urea release
time for nanocomposites in comparison with pure urea.
Figure 4 reports that pure urea was totally solubilized in
less than 5 h. All nanocomposites exhibited slower re-
lease behavior compared with pure urea. The MMT/Ur
1:1 and MMT/Ur 1:2 samples reached 100 % of urea re-
leased over 24 h and 48 h, respectively. The MMT/Ur 1:4
nanocomposite did not release its total urea content even
after 120 h, reaching approximately 84 %. The MMT/Ur
1:4/HG nanocomposite displayed urea release behavior
slower than those of the MMT/Ur nanocomposites, re-
leasing 80 % and 100 % of its urea content over 96 h and
120, respectively. The MMT/Ur 1:4/Pf nanocomposite ex-
hibited the highest urea retention capacity, and released
about 70 % of its urea content over 96 h.

Table 2 - Elemental analysis (CHN) of urea, Montmorillonite (MMT),
hydrogel and nanocomposites.

Sample N C H
%

Urea 41.1+1.43 18.76 £ 0.66 5.73 + 0.30
MMT 0.01 £ 0.01 0.33+0.01 1.42 + 0.05
Hydrogel 9.38+0.44 26.16+1.17 4.62 +0.20
MMT/Ur 1:1 23.3+0.03 11.8 +0.83 3.68 + 0.05
MMT/Ur 1:2 26.72 £ 0.78 12.64 + 0.38 3.98 £ 0.01
MMT/Ur 1:4 34.8 + 0.95 16.3+0.34 4.99 + 0.02
MMT/Ur 1:4/Pf 30.31 £ 0.01 18.88 +0.59 4.67 =+ 0.04
MMT/Ur 1:4/HG 32.83+0.71 15.72+0.31 4.72 £ 0.18
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Slower urea release from nanocomposites indi-
cates that the MMT showed interaction with the urea
derived from the extrusion process (Pereira et al., 2017).
The hydrophilic polymer (HG) increases the urea re-
lease control. HG competes against the water molecules
and hinders urea diffusion through the nanocomposite
structure (Bortolin et al., 2012). On the other hand, the
remarkable delayed release is due to the urea-formal-
dehyde polymer structure, which needs to be disrupted
to further solubilize urea. However, urea-formaldehyde
polymer displays hydrophobic characteristics and may
have acted as a structural barrier against diffusion of wa-
ter molecules, consequently resulting in an expressively
slower urea release, according to Giroto et al. (2018).

The results revealed gains in the digestion percent-
ages when the composite was used (Table 3). The maxi-
mum sugarcane digestion over 96 h was 60 %. The MMT/
Ur 1:1, MMT/Ur 1:2, MMT/Ur 1:4, MMT/Ur 1:4/HG and
MMT/Ur 1:4/Pf samples increased the digestibility gains
by 3, 2, 3, 4 and 3 %, respectively. Pure urea did not influ-
ence on the digestibility value, while pure MMT presented
a gain of 2 % at maximum digestibility. Beta results did not
change significantly (p > 0.05), indicating that the diges-
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—=—MMT /Ur 1:1
; ——MMT /Ur 1:2
20 b —A—MMT /Ur 1:4

/ <4—MMT /Ur 1:4/HG
— p MMT /Ur 1:4/Pf
0+ —e—Urea
T ¥ T J T ¥ T L T ¥ T ' T ¥ T 5 T
0 12 24 36 48 60 72 8 96

Time (h)
Figure 4 - Urea release rate of pure urea and MMT/Ur, MMT/Ur
1:4/HG and MMT/Ur 1:4/Pf nanocomposites.
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tion rates of the nanocomposites were similar. As regards
the constant, which represents the level of the beginning
of digestion, there were statistical differences between the
samples (p < 0.05). Sugarcane and urea presented the low-
est and highest constant values, respectively, whereas the
values among the nanocomposites were similar.

The increase of dry matter digestibility in the
presence of nanocomposites may be correlated with the
cation exchange capacity of MMT, which favors stabi-
lization of the NH,* concentration. The results demon-
strate that the slow release nanocomposites are capable
of improving the dry matter digestibility of sugarcane.
Duncan statistical tests showed that the digestibility
was higher for the nanocomposites in all the measured
time periods: even at 12 h, the nanocomposites exerted,
statistically, more influence than urea, which presented
almost the same digestibility as sugar cane and MMT.
At 24 h, urea showed a better effect, however, the nano-
composites maintained better performance - noteably,
MMT/Ur1:4/HG material was the best material for these
times, and this trend was sustained until 96 h.

Table 4 shows ruminal kinetic parameters during
in vitro digestion test. The a parameter represents the
soluble fraction of DM, ranging from 27 for urea to 34.4
for MMT/Ur 1:4/Pf. In general, the presence of MMT in-
creased the DM soluble fraction. The result also showed
a small decrease in the slowly degradable fraction of
DM (b) in the presence of MMT. On the other hand,
the degradation rate of the slowly degradable fraction
(represented by c) remained similar, only the urea and
MMT/Ur1:4/HG treatments showed higher rate values.
Figure 5 shows that all samples imparted an increase in
ammonia concentration for up to approximately 2 h of
digestion. The average ammonia concentration was 50
mg L' NH, for all samples with the exception of pure
sugarcane. After 2 h, there was a decrease in the am-
monia concentration until 12 h of experiment. Pure urea
showed maximum concentration of NH, after 48 h, and
the MMT/Ur 1-4/Pf, MMT/Ur 1-4 and MMT/Ur 1-2 sam-
ples presented higher NH, concentrations after longer
times. The pH evolution during the in vitro digestibility
test is shown in Figure 6. Its profile is a consequence of
the concentration of NH, in the rumen fluid.

Table 3 — Results (in %) of "in vitro" sugarcane digestibility. Means + standard deviations within a column followed by the same letter do not differ

significantly (Duncan test; p < 0.05).

Time (h

Matoria () 12 24 36 48 72 %

Sugar Cane 405a+04 439a=+05 50.8a+1.8 54.7 a + 0.6 58.8a=0.5 59.8a+0.9
MMT* 419a=0.1 443a=0.3 50.9a=+0.6 54.8a+0.8 59.1a+0.9 61.7bc £ 0.3
Urea 41.1a=x0.3 479c=x1.1 54.6 bc = 1.8 57.0bc £ 0.8 59.3a+0.2 60.4ab + 0.8
MMT/Ur 1:1 424b 1.2 47.7bc+1.2 54.0 bc = 0.1 55.6 ab = 0.6 59.9a=+0.9 63.2¢c+0.6
MMT/Ur 1:2 423b+04 46.8bc + 0.2 52.9ab + 0.9 56.2 ab = 0.4 59.3a=+1.0 61.9bc +1.2
MMT/Ur 1:4 424b 05 47.7bc 0.6 53.9bc 0.3 53.9ab +0.3 61.2b+0.7 629c=+1.1
MMT/Ur1:4/HG 42.6b +0.3 50.1d+0.9 55.8¢c+1.6 58.0c+1.2 61.8b+0.5 63.4c+0.9
MMT/Ur 1:4/Pf 42.2b+0.3 46.2b =+ 1.1 53.2b + 0.6 55.2a=+0.5 59.3a+0.2 62.6c+0.8

*Montmorillonite

Sci. Agric. v.77, n.5, e20180383, 2020
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Table 4 - In vitro ruminal kinetic parameters. Means = standard
deviations within a column followed by the same letter do not differ
significantly (Duncan test; p < 0.05).

Material a b c
% of DM — % ht

Sugar Cane 30.8bc +1.3 328ab+2.2 0.026b +0.007
MMT 325abc+05 34.2a=+1.3 0.021 b +0.002
Urea 270d+1.3 341a=0.7 0.043a=0.006
MMT/Ur 1:1 342a+23 31.8ab+22 0.025b+0.004
MMT/Ur 1:2 335ab+0.4 309b+0.5 0.026b+0.003
MMT/Ur 1:4 334ab+24 329ab+0.6 0.026b+0.007
MMT/Url:4/HG 304c+18 340a=x0.2 0.037a=0.007
MMT/Ur 1:4/Pf 344a+04 319ab=+1.8 0.022b+0.002

Value parameters for the equation: p = a + b(1-e*), where p is the DM
disappearance (%) at time t, a the soluble fraction, b the slowly degradable
fraction (%), and c the rate of degradation of the b fraction (% h-1).
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Figure 5 — N-NH, concentration (mg L-!) obtained from in vitro
digestibility of sugarcane.

The decrease in ammonia concentration until 12
h of digestibility in this experiment may be explained
by the minimum NH, level in rumen fluid required for
maximum microbial synthesis, which consumes the
NH, excess to synthesize proteins (Hoover, 1986). Differ-
ent NH, levels for maximum microbial synthesis have
been suggested in other studies; for instance, Leng and
Nolan (1984) suggested a range of N 150-200 mg L' and
Satter and Slyter (1974) reported a range of N 50-80 mg
L-'. Another explanation for the reduced ammonia con-
centration is related to the cation exchange capacity of
MMT, which may have scavenged the NH, molecules
present in the rumen fluid.

As expected, sugarcane and MMT displayed NH,
levels lower than those of nanocomposites and pure urea.
The concentrations of NH, found for these two samples
are most probably related to the inherent nitrogen con-
tent of the rumen fluid and sugarcane. Dietary nitrogen
sources include nucleic acids, amino acids, proteins, pep-
tides, amines, amides, nitrates, nitrites, urea and ammo-
nia. Endogenous sources include discarded cells and urea
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Figure 6 — pH evolution during in vitro dry matter digestibility test.

re-entering the rumen through the epithelium or saliva.
With the exception of certain proteins and N associated
with adenosine diphosphate, other sources of N are read-
ily soluble and susceptible to degradation in the rumen
(Huntington and Archibeque, 1999). The NH, concentra-
tions for sugarcane and MMT up to 36 h were very simi-
lar, after this time the NH, concentration for MMT was
observed to increase. It is suggested that at this point the
clay started to release the NH,* ions, as the pure sugar
concentration remained constant. The MMT/Ur 1:4/Pf
nanocomposite, which exhibited the slowest urea release
kinetics, may have released urea after the maximum mi-
crobial synthesis phase, resulting in an accumulation of
volatile NH, molecules. In fact, there was an abnormally
low ammonia concentration in the time range 72 - 96 h,
which may be related to NH, volatilization.

It is worthy mentioning that even after 96 h the
ammonia levels in the rumen fluid were much lower than
the amount considered to be toxic, 1,000 mg L (Owens
and Bergen, 1983). According to the literature, there is no
a standardized minimum toxic NH, concentration. For
example, Lewis (1970) admitted toxicity when NH, levels
exceeded 1,760 mg L' NH,/Liquid rumen. Other studies
have reported that the toxicity levels will depend on pH
and the time over which ammonia will be released into
the rumen, Helmer and Bartley (1971).

The initial drop in pH after 12 h can be attrib-
uted to the consumption of NH, for protein synthesis
and thus the release of acids by fermentation (Goularte
et al., 2011). All samples had a maximum pH value of
approximately 7, with the exception of MMT (pH = 6.9),
where the lower pH may have corresponded to the ad-
sorption capacity of MMT. It is important to point out
that pH was maintained within an optimal range during
the experiment, since the urease activity is highest in
the pH range 7-9 (Pearson and Smith, 1943). Bacterial ac-
tivity is also influenced by pH, Davis and Stallcup (1964)
having reported that the maximum activity of bacteria
occurs in the pH range 5.5-7.
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In summary, different MMT/Urea nanocomposite
structures intended for slow release of nitrogen exhibit-
ed a further beneficial effect on digestibility of sugarcane
straw, which is broadly known as improper fodder. Gen-
erally, all nanocomposites increased (p < 0.05) digest-
ibility of fiber over control under all the conditions, but
the samples with hydrogel content were more expres-
sive. The nanocomposite included with 2 wt.% hydrogel
was found to be the most effective for animal nutrition
purposes, probably due to the adsorption of NH,* ions
during the microbial synthesis process - which is ben-
eficial mainly because of reduction of NH, toxicity and
maintenance of a more constant N content in the rumen.
Despite the increases in sugarcane, digestibility was in
agreement with the urea release tests; the gain in digest-
ibility was not very expressive for nanocomposites dis-
playing very slow urea release kinetics. We concluded
that an ideal release rate and optimum environment for
microbial synthesis are necessary to maximize digestion
of sugarcane. This research study demonstrates that de-
signed nanostructures are powerful tools for increment-
ing digestibility of conventional fodders and will serve
as a foundation for upcoming in vivo tests.
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