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  Development of a green material for horticulture   
  Abstract:   Poly(lactic acid) (PLA), used as a matrix, was 

mixed with wood fibers, coffee grounds, fertilizer and a 

foaming agent to develop an ecofriendly material to be 

used in horticulture. For this application materials should 

have mechanical properties similar to PLA, increased bio-

degradability and a lower price than currently used mate-

rials. The new materials were prepared by melt processing 

in an internal mixer at 190 ° C and were characterized by 

several techniques. The mechanical properties of the bio-

composites, measured by flexural tests, were similar to 

neat PLA, even with a reduction of 40 wt% of polymer. 

Biodegradation assessment by composting tests in an aer-

obic environment demonstrated that the green materials 

exhibited higher biodegradability than PLA. Biocompos-

ites containing wood fibers and fertilizer were revealed to 

be the most suitable for horticulture application, as these 

can combine mechanical properties, biodegradability and 

fertilizer release. Moreover, this green material has two 

main advantages: it can be prepared using materials from 

natural resources, and it does not generate any residue 

after use.  
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1     Introduction 
 In the horticulture industry the disposal of plastic contain-

ers used in greenhouses and nursery crops is an ongoing 

practical issue. It is particularly critical in the annual and 

perennial bedding plant markets. As a result of large-

scale small plants production, the need for disposal of 

used plastic containers grows annually  [1] . Generally not 

reusable, plastic containers are disposed after plants are 

transferred into the ground. Developed to ensure reliable 

consumer packaging, transportation and used sometimes 

as a marketing product, as well as propagation and pro-

duction receptacle, plastic containers are strong and can 

have any size, shape and color  [2] . Nevertheless, they have 

two main drawbacks; first, roots tend to circle the outer 

perimeter of the root ball once contact is made with the 

container, which can reduce growth and survival of plants 

after transplantation  [3, 4] ; second, most of the containers 

are not biodegradable, thus contributing to large waste 

quantities. 

 Aiming to overcome waste production, numerous 

attempts have been made to develop biodegradable mate-

rials that can be buried directly into the soil. Peat, paper 

and coir fiber are the most common nonplastic materials 

used to prepare biodegradable containers  [5 – 7] . However, 

according to Evans and Hensley  [1] , these containers are 

more expensive than the plastic ones and can easily break 

or tear when wet. To overcome these disadvantages, the 

horticulture industry has started to study other biode-

gradable and compostable biopolymers derived from 

raw materials, such as starch (corn, rice hulls and wheat, 

among others), cellulose, soy protein and lactic acid  [8] . 

Nonetheless, when compared to conventional polymers, 

biopolymers have some drawbacks, such as poor mechan-

ical and barrier properties, processability and thermal 

stability, which limit their industrial application. Recently 

biocomposites have proven to be a promising option to 

improve the properties of biopolymers  [9] . Prepared by a 

combination of polymers coming from natural resources 

(biopolymers) and fillers (e.g., natural or modified clays 

or lignocellulose fibers), biocomposites combine the 

intrinsic properties of natural polymers and fillers. Then, 

these environmental-friendly materials open a wide range 

of applications for biodegradable polymers with potential 

objectives for horticulture  [10] . 

 Our research group investigated the development 

of new environmental ecofriendly materials, such as 

copolymers of biodegradable/conventional polymers and 

nanocomposites of poly(lactic acid) (PLA) containing 

organoclays  [11, 12] . Therefore, using existing knowledge, 

the main objective of this work was to develop a green 

material to be used in horticulture. Then, PLA, used as 

matrix, was mixed with different amounts of wood fibers, 

coffee grounds, foaming agent and fertilizer. The obtained 

biocomposites were characterized by mechanical tests, 
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and their biodegradability was assessed in the aerobic 

environment in compost. Gel permeation chromatography 

(GPC) was performed before and after biodegradation in 

order to assess changes in PLA molecular weight.  

2    Materials and methods 

2.1    Materials 

 The commercial PLA grade (3251D) was acquired by 

NatureWorks LLC (Georgetown, CT, USA). Coffee grounds 

and wood fibers dried and used without further treatment 

were supplied by local producers. Inorganic fertilizer, 

 Nitrolusal 20.5  composed of 12% N, 12% P 
2
 O 

5
 , 17%, K 

2
 O 

and 2% MgO was supplied by ADP Fertilizantes (Alverca 

Do Ribatejo, Portugal) and used as a powder. The foaming 

agent, azodicarbonamide, powder, was used as received 

and was provided by Acros Organics (Geel, Belgium).  

2.2    Sample preparation 

 PLA, coffee grounds, wood fibers and fertilizer were dried 

at 105 ° C under vacuum for at least 24 h in order to remove 

the moisture. All materials were prepared by melt mixing 

at 190 ° C in a Haake Rheocord 90 batch mixer (volume 

60 cm 3 ), equipped with two rotors running in a counter-

rotating way at a speed of 80 rpm. The following proce-

dure was adopted to prepare the different materials, a 

specific amount of PLA was introduced into the hot mixer, 

and after melting the respective additives were added in 

order to obtain the compositions  Table 1  . The total sample 

was removed after 10 min of mixing. 

 PLA was also processed under the same conditions 

and was called sample A. 

 Sample E resulted from the crushed sample removed 

from the internal mixer blended with a foaming agent and 

placed in a hot press at 190 ° C. 

 Table 1      Samples composition.  

Sample    PLA 
(%)  

  Coffee 
grounds (%)  

  Wood 
fibers (%)  

  Fertilizer 
(%)  

  Expander 
(%)  

A   100  0  0  0  0

B   90  0  0  10  0

C   60  30  0  10  0

D   60  0  30  10  0

E    60    0    30    8    2  

 For all the previous prepared compositions, rectan-

gular specimen samples for mechanical and biodegrada-

tion characterization were prepared in a hot press at 190 ° C 

under 20 tons for 15 min.  

2.3    Characterization 

2.3.1    Density 

 The density of the PLA and prepared materials were meas-

ured using the Archimedes impulsion method for solids, 

as in the ASTM D 782-00 standard. The samples, parallele-

pipeds with area of   ±  4 cm 2 , were weighed with a SCALTEC 

SBC31 (Scaltec Corp., Dania, FL, USA) with a kit for density 

determination SDK01. The immersion liquids were isopro-

panol and water.  

2.3.2    Gel permeation chromatography 

 Gel permeation chromatography was used to assess the 

molecular weight of the prepared compositions as collected 

from the mixer (with exception of sample E) and after com-

posting. Solutions were prepared in THF (99.9%) and prefil-

tered on filter plate (hydrophobic polytetrafluoroethylene, 

0.45 mm pore size) before injection. A Waters Alliance GPC 

Model 2695, equipped with 3 PLgel Mixed-B columns (inner 

diameter  =  7.5 mm, length  =  30 mm and particle size  =  10 mm) 

and a Waters 2410 Differential Refractometer as detector, 

were used for the determination. THF was used as eluent 

with a flow rate of 1 ml/min, and the temperatures were 

25 ° C and 35 ° C at the injector and detector, respectively.  

2.3.3    Mechanical properties 

 The flexural properties of processed PLA and biocompos-

ites were measured using an Instron 4505. The flexion 

experiments were performed according to ASTM D 790-03, 

with a deformation rate of 2 mm/min at room temperature 

under a relative humidity of 45%. The samples tested have 

a length of 5 cm, width of 2.5 cm and a thickness of 0.1 cm. 

A minimum of five specimens was tested for each material.   

2.4    Biodegradability 

 Biodegradation in compost was performed at 40 ° C using 

compression molded (25  ×  25  ×  0.125 mm) samples. Samples 

were placed in a composting medium made of soil, 
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activated sludges from wastewater treatment, straw and 

animal manure. The composting medium was kept in a 

relative humidity of approximately 50 – 70%. Around 20 

samples of each material were vertically buried at 6 – 8 cm 

depth to guarantee aerobic degradation conditions at a 

horizontal distance of 5 – 6  cm between samples accord-

ing to Fukushima  [13] . At selected times (every 3 weeks), 

samples were collected, cleaned and dried at room tem-

perature until constant weight was reached. Based on 

the sample weight before and after composting, the 

average percentage of residual mass for each material was 

calculated.   

3    Results and discussion 
 The torque evolution, along with mixing time during PLA 

processing and biocomposites preparation, are shown in 

 Figure 1  . The first peak is associated to PLA melting fol-

lowed by the addition of the fillers, which in all cases 

increase the torque values. This increase was due to the 

presence of inorganic particles that did not melt at the 

mixing temperature, resulting in an increase of viscosity 

and consequently higher torque. 

 The density values of the biocomposites are pre-

sented in  Table 2  . As expected, with the exception of the 

 Figure 1      Torque evolution during biocomposites preparation.    
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 Figure 2      Molecular weight distribution of pristine PLA, processed 

PLA and biocomposites after synthesis.    

 Table 2      Density values of PLA and biocomposites.  

Sample    A    B    C    D    E  

Density    1.24  ±  0.02    1.30  ±  0.02    1.32  ±  0.01    1.34  ±  0.01    0.88  ±  0.03  

biocomposite prepared with a foaming agent, which has a 

cellular structure, all exhibited higher density than PLA. 

 The initial molecular weight distribution of PLA, pro-

cessed PLA and biocomposites are depicted in  Figure 2  . 

The results show that the curves of PLA and processed 

PLA almost overlap, indicating a very slight degrada-

tion of PLA during processing, which can be attributed to 

hydrolysis reaction under the processing conditions used. 

In contrast, all biocomposites exhibit a shift to the higher 

retention time, which can be associated with pronounced 

decrease in molecular weight due to chain scission. A 

similar molecular weight decreased was observed with 

coffee grounds and wood fibers. This can be related to a 

small amount of residual moisture contained in both com-

pounds, which triggered the PLA chain scission through 

hydrolysis at the high processing temperature. Similar 

results were obtained by Pilla and colleagues  [14] . Moreo-

ver, coffee grounds (sample C) present a second peak at 

higher retention time, which could be related to the pres-

ence of lower molecular weight molecules group due to 

the presence of some substances in the coffee residues 

 [15] . Regarding sample E, the containing foaming agent 

had two processing cycles (melt mixing and foaming agent 

addition and compression molding), which affected PLA 

chains scission, resulting in a higher level of degradation. 

Although a molecular weight decrease was observed for 

all green composites, a unimodal distribution was kept. 

 The relative flexural properties of PLA and biocom-

posites are shown in  Figure 3  . The addition of other par-

ticles to PLA had a slight influence on its modulus and 

strength flexural properties. Sample B (PLA/fertilizer, 

90/10, w/w), had a slightly higher modulus and strength 
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 Figure 3      Flexural properties of PLA and prepared biocomposites.    

than PLA, which might be associated to the good disper-

sion of small size particles. It is known that the restrains 

of the polymer chains movement increases the stiffness 

 [16] . Conversely, samples C (PLA/coffee grounds/ferti-

lizer, 60/30/10, w/w/w) and D (PLA/wood fibers/fertilizer, 

60/30/10, w/w/) present a small decrease of PLA mechani-

cal properties. Between these two composites, and taking 

into account the error associated with the measurements, 

sample D exhibits properties quite similar to PLA. The dif-

ference between PLA and these two samples can be due to 

both the relative amount of PLA/filler and the poor inter-

facial adhesion. Because wood fibers are normally used 

as thermoplastic reinforcement  [17] , one would expect 

to obtain better mechanical properties for sample D, as 

shown in various published results  [18 – 22] . The explana-

tion for results obtained in the present work is the absence 

of fiber treatment or the addition of compatibilizers to 

enhance the interfacial interactions. Green composite 

containing foaming agent is too brittle; it breaks almost 

immediately when the force is applied. For this reason its 

flexural properties are not present in  Figure 3 . 

 During PLA biodegradation, chemical hydrolysis is 

the primary driving force toward degradation and involves 

water absorption and ester chains cleavage forming oli-

gomers. The latter are mineralized by the microorganisms, 

which generate carbon dioxide under aerobic conditions 

and methane under anaerobic conditions  [11, 23] .  Figure 4   

presents real pictures of PLA and biocomposites after 

3 and 12 weeks of biodegradation in compost (2.2 and 

3 weeks 12 weeks

Sample A

Sample D

Sample E

 Figure 4      Surface pictures of PLA and biocomposites after 3 and 12 weeks in compost.    
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13.2 magnifications). It is clear that among all analyzed 

samples, only PLA samples were still intact after 12 weeks. 

Moreover, some areas of PLA showed a whitening aspect, 

which can be a signal that the process of hydrolytic deg-

radation has already started. Hydrolysis induces a change 

in the refraction index as a consequence of water absorp-

tion and/or presence of products formed by the hydrolytic 

process  [11, 13] . In contrast, samples D and E depicted a 

much more extensive degradation, characterized by a 

fractured surface. It is possible to observe the loss of poly-

meric material as a result of bacterial activity. The faster 

appearance of visual signs of degradation in biocompos-

ites when compared to PLA is in the sample that contains 

wood fibers; it seems that a catalytic effect on hydrolysis 

of the ester groups of PLA occurs. 

  Figure 5   depicts PLA weight loss profiles of the devel-

oped materials in tandem to composting times. During 

the 12 weeks in compost, the samples showed different 

degradation behavior. The presence of wood fibers and 

foaming agent (samples D and E) enhanced the PLA deg-

radation, and consequently these exhibited higher weight 

loss. This is associated with the higher level of wood water 

absorption capability that catalyses the ester chain cleav-

age. Furthermore, the cellular structure created by the 

foaming agent accelerated the moisture diffusion through 

the samples. In contrast, PLA with fertilizer and coffee 

grounds (samples B and C) exhibited a slower degrada-

tion rate. This was due to the resistance in water uptake 

and diffusion through the biocomposites and to the lower 

capability, in the case of fertilizer, to retain moisture. More-

over, roasted coffee grounds have antibacterial properties 
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 Figure 5      Weight loss of processed PLA and biocomposites during 

12 weeks of degradation in compost at 40 ° C.    
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 Figure 6      Molecular weight distribution of initial and degraded 

samples after 12 weeks in compost at 40 ° C.    

against a range of Gram-positive and Gram-negative bac-

teria  [24, 25] . Then, the degradation observed in sample 

C was mainly provoked by moisture, which justifies the 

lowest degree of degradation detected. PLA (sample A) 

weight loss was not significant during the composting 

time period. 

 To evaluate the extent of degradation of PLA and bio-

composites in compost, the collected samples were ana-

lysed by GPC ( Figure 6  ). PLA and biocomposite curves 

shifted to lower molecular weight (higher retention time), 

which indicates that chain scission of the long molecules 

occurred, and smaller ones were formed. Moreover, the 

unimodal initial distribution became bimodal in the case 

of samples B, D and E, indicating the presence of different 

types of molecules with lower molecular weight. In agree-

ment with the weight loss shown in  Figure 5 , samples D 

and E presented higher molecular weight reduction. More-

over, it is clear that the long molecules disappear due to 

intensive chain scission, and a peak due to smaller mol-

ecules appeared. In the case of a biocomposite containing 

coffee grounds (sample C), molecular weight remained 

almost the same as a result of the antibacterial activity 

of ground coffee, as explained previously. However, the 

last peak corresponding to coffee residues almost dis-

appears, maybe by dissolution, indicating the output of 

these during composting. Similar results were obtained by 

Ara ú jo and colleagues  [11] , in which organo-nanoclays in 

PLA matrix were dispersed. 

 These results demonstrate that, with exception of 

ground coffee, green composites present enhanced bio-

degradability in compost rather than neat PLA. Moreover, 
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no significant difference could be noticed between samples 

D and E, which means that sample D would be easier to 

prepare and has the required behavior.  

4    Conclusion 
 The viability of PLA biocomposites to be used as green 

biodegradable materials for horticulture application was 

investigated. PLA was mixed with wood fibers, coffee 

grounds, fertilizer and a foaming agent to develop a green 

material with good mechanical properties, high biodegra-

dability and the ability to release fertilizer. 

 The results obtained demonstrate that our aim was 

achieved; the biocomposites with wood fibers and ferti-

lizer accomplish all the requirements. 

 The new material containing wood fibers revealed to 

be the most suitable for horticulture application, because 

it fulfills mechanical and biodegradable requirements. 

Moreover, this green material has two main advantages: 

it can be prepared using materials from natural resources, 

and it does not generate any residue after use.   

    Acknowledgments:  The authors acknowledge n-STeP Pro-

ject, NORTE-07-0124-FEDER-000039, supported by the 

Programa Operacional Regional do Norte (ON.2) and PEst-

C/CTM/LA0025/2013 (Strategic Project-LA 25-2013-2014).  

  References 
  [1]   Evans MR, Hensley DL.  Hort. Sci . 2004, 39, 1012 – 1014.  

  [2]   Hall CR, Behe B, Campbell B, Dennis J, Lopez R, Yue C.  Hort. Sci . 
2010, 45, 583 – 591.  

  [3]   Lee Appleton B. Using copper compounds to modify roots on 

container-grown trees. In  Combined Proceedings, International

 Plant Propagators Society . University Washington: Interna-

tional Plant Propagation Society, 1993.  

  [4]   Struve DK,  J.   Environ. Hort.  1993, 11, 196 – 199.  

  [5]   Gayed S.  Can. Plant Dis. Surv . 1971, 51, 142 – 144.  

  [6]   Mrazek F.  Combined Proceedings, International Plant Propaga-
tors Society . University of Washington: International Plant 

Propagation Society, 1993,  Beitrage fur die Forstwirtschaft . 
1986, 20, 128 – 129.  

  [7]   Lahde E, Kinnonen K.  Folia Forestalia  1974, 197, 1.  

  [8]   White JD.  Growertalks  2009, 72, 60 – 63.  

  [9]   Kumar P, Sandeep KP, Alavi S, Truong VD.  J. Food Sci.  2011, 76, 

E2 – E14.  

  [10]   Bitinis N, Hernandez M, Verdejo R, Kenny JM, Lopez-Manchado 

MA.  Adv. Mater . 2011, 23, 5229 – 5236.  

  [11]   Araújo A, Oliveira M, Oliveira R, Botelho G, Machado AV. 

 Environ. Sci. Pollut. Res. 2013, 21, 1 – 10.  

  [12]   Moura I, Machado AV, Duarte FM, Nogueira R.  J. Appl. Polym. 
Sci . 2011, 119, 3338 – 3346.  

  [13]   Fukushima K, Abbate C, Tabuani D, Gennari M, Camino G. 

 Polym. Degrad. Stability  2009, 94, 1646 – 1655.  

  [14]   Pilla S, Gong S, O ’ Neill E, Yang L, Rowell RM.  J. Appl. Polym. Sci.  
2009, 111, 37 – 47.  

  [15]   Bekedam EK, Schols HA, van Boekel MA, Smit G.  J.  Agricult. 
Food Chem.  2006, 54, 7658 – 7666.  

  [16]   Pilla S, Gong S, O ’ Neill E, Rowell RM, Krzysik AM.  Polym. Eng. 
Sci.  2008, 48, 578 – 587.  

  [17]   Nourbakhsh A, Ashori A.  Bioresour. Tech.  2010,101, 

2525 – 2528.  

  [18]   Kokta BV, Raj RG, Daneault C.  Polym-Plast.Tech.Eng.  1989, 28, 

247 – 259.  

  [19]   Bledzki AK, Reihmane S, Gassan J.  J. Appl. Polym. Sci.  1996, 59, 

1329 – 1336.  

  [20]   D á ny á di L, M ó cz ó  J, Puk á nszky B.  Composites Part A: Appl. Sci. 
Manufact.  2010, 41, 199 – 206.  

  [21]   Bledzki AK, Faruk O.  Polym-Plast. Tech. Eng.  2004, 43, 871 – 888.  

  [22]   Huda MS, Drzal LT, Misra M, Mohanty AK.  J. Appl. Polym. Sci.  
2006, 102, 4856 – 4869.  

  [23]   Mathew AP, Oksman K, Sain M.  J. Appl. Polym. Sci.  2005, 97, 

2014 – 2025.  

  [24]   Almeida AAP, Farah A, Silva DA, Nunan EA, Gl ó ria MB.  J. Agri-
cult. Food Chem.  2006, 54, 8738 – 8743.  

  [25]   Singh Arora D, Jeet Kaur G, Kaur H.  Int. J. Food Prop.  2009, 12, 

286 – 294.     

Brought to you by | De Gruyter / TCS
Authenticated | laura.trellopoulos@degruyter.com

Download Date | 4/16/15 7:11 PM


