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Abstract

Arenosols cover extensive areas in coffee producing, humid tropical countries of Sub-Sahara Africa

(Angola, DR Congo) and Southern America (Brazil). A laboratory experiment was undertaken to

examine the potential of using coffee waste to improve the physico-chemical properties of an Arenosol

from DR Congo. The amendment was applied at three rates to the topsoil and incubated in soil

columns at field moisture capacity for 24 months. A control without any amendment was integral to

the completely randomized experimental design involving three replicates. The soil columns were

watered weekly with an amount of distilled water approximating to 87% of the average rainfall. Every

3 months, the soil chemical properties and the fraction of leached water and cations were measured. All

application rates raised soil pH above 5.5 within 3 months. Exchangeable Ca, Mg and K showed

respectively, 5 to 7-, 2 to 3- and 7 to 14-fold increases with increasing application rates. Organic C and

total N significantly increased within 6 months to ca. 1.5 and 0.12% respectively, inducing a decrease in

the C ⁄N ratio from 17 to 13. The combined action of increasing soil pH and organic C contributed to

a significant increase in cation exchange capacity. Increases in available P were significant, but

temporary, with maximum values attained at 9 months. Coffee waste application significantly increased

the fraction of retained soil water from 53% to 60%. It promoted the retention of basic cations,

immobilized Mn, but increased the mobility of Fe. Coffee waste has the potential to be used as a liming

material, an NPK fertilizer and has the benefits also of increasing water and nutrient retention.

Keywords: Sandy soils, soil chemical fertility, water and nutrient retention, industrial waste, DR

Congo

Introduction

Arenosols, as developed on the Kalahari sands, occupy a

large area of the Democratic Republic of Congo and

dominate the Batéké plateau in Kinshasa’s hinterland. Their

sandy texture and low reactivity of the kaolinitic clay result

in low soil water holding capacity and poor soil fertility and

thus limit the farming systems on the soils there (Bruand

et al., 2005). As a result of the increasing population of

Kinshasa, the fallow period in the shifting cultivation systems

has been shortened to ±2 yr, leading to the irreversible

decline in soil fertility. An agroforestry system with Acacia

auriculiformis in the northeastern part of the plateau

has resulted in soil acidification (Kasongo et al., 2009).

An alternative approach for improving soil quality is to use

agro-industrial by-products.

The low cation exchange capacity (CEC) and water holding

capacity (WHC) of the Arenosols necessitate the addition of

organic materials (Hartemink & Hutting, 2005). Applications

of mulches, composts, green manures, organic wastes and

coal-derived humic substances have been shown to increase

soil fertility (Bembridge, 1989; Piccolo & Mbagwu, 1990;

Rose, 1991; Hue, 1992; Glaser et al., 2002) through their

capacity to provide nutrients, especially N, P and K. Other

benefits include an increase in CEC, improved WHC and

infiltration and decreased bulk density (Sarkar et al., 1988;

Lado et al., 2004). Because of rapid mineralization of organic

matter under humid tropical conditions throughout the year,

maintenance of organic matter in these soils is particularly

important (Tiessen et al., 1994).

Coffee pulp and husks are fibrous mucilaginous materials

obtained by wet and dry processing of coffee cherries. As an
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alternative to their disposal as waste, they can be used as

fertilizer, livestock feed and compost (Braham, 1987; Pandey

et al., 2000). The organic matter in coffee waste contains

more N and K than common fertilizers (cow manure,

compost farm residue, chicken manure). According to Suárez

de Castro (1960), dried coffee pulp is equivalent, on the basis

of its chemical composition, to an inorganic NPK fertilizer

ratio of 1.4:0.3:3.7. Although literature on coffee waste as a

soil amendment is limited, some experiments have indicated

that coffee waste is a valuable organic fertilizer, particularly

for highly weathered soils of the humid tropics (Tenaw &

Kelsa, 1998; Zake et al., 2000). The objective of this study

was to assess the fertility of these Arenosols when amended

with coffee waste with special emphasis on the supply and

retention of water and nutrients.

Materials and methods

Site locations and soil properties

The soils used in the experiment were sampled from two sites

in the northeastern part of the Batéké plateau, about 150 km

from Kinshasa along the Kinshasa-Kikwit road. Site S1
(16�18¢02¢¢E, 04�20¢01¢¢S, ca. 580 m ASL) and site S2
(16�09¢20¢¢E, 04�32¢16¢¢S, ca. 658 m ASL) were under natural

savannah and their soils have been classified as Rubic Ferralic

Arenosols (Dystric) in the WRB (IUSS Working Group

WRB, 2006). Details on the environmental setting of the

Batéké plateau as well as on relevant soil properties are

provided by Kasongo et al. (2009). Twenty-five topsoil

(0–25 cm) samples, randomly collected across each site over

an area of ca. 25 ha, were thoroughly mixed and a composite

soil sample was obtained using the quartering method

(Allman & Lawrence, 1972). Selected physico-chemical

properties were determined and the results are presented in

Table 1. They indicate the limited agricultural value and

confirm the uniformity of the topsoils found at the Batéké

plateau (Kasongo et al., 2009). The experimental results in

this paper focus on site S2.

Coffee waste amendment

Coffee waste, a mixture of coffee pulp and husks, was

collected from the coffee processing factory in Kinshasa city.

The air-dried material was applied without any pretreatment.

The mineral content of the coffee waste was determined

following the protocols of Van Ranst et al. (1999): sample

mineralization by calcination at 450 �C was followed by

digestion of the ash in nitric acid. Major elements were

measured in the nitric acid extract using Atomic Absorption

Spectroscopy (AAS) and spectrophotometry. Moisture and

dry matter content were measured through heating at 110 �C.
Total N and C in the coffee waste were determined by mass

spectroscopy using an elemental analyser coupled with an

isotopic ratio mass spectrometer (EA-IRMS system: ANCA –

SGL_20 – 20, SerCon, UK), with PDP (Pee Dee Belmnite)

versus 13C and air versus 15N as standards. The Folin–Denin

method was used to determine the tannin concentration of

coffee waste according to Joslyn (1970), whereas lignin,

cellulose and hemicellulose were determined by the sequential

analysis method (Van Soest et al., 1991). The CaCO3

equivalent (CCE) was determined by the titrimetric method

of Erich & Ohno (1992). The chemical composition of the

coffee waste is given in Table 2 and, in summary, consists of

45% C, 1.7% N, 2.5% K and 30% cellulose, a lignin:N ratio

of 17 and with a pH (water) of 8.0 and an acid neutralizing

capacity of 18%.

Experimental design

The incubation experiment was laid out as a completely

randomized design with three replicates and four soil

treatments, including an unamended control and the

application of coffee waste at 5, 10 and 20 t ⁄ha. The

application rate of 10 t ⁄ha, frequently used for animal

organic manures (Materechera & Mkhabela, 2002; Ano &

Ubochi, 2007), was appropriate for modifying the acidity

given the CEC of the coffee waste (Table 2).

For each treatment, 400 g of air-dried fine earth (<2 mm)

was mixed with different amounts of coffee waste and

Table 1 Physico-chemical properties of the topsoil (0–25 cm)

samples collected at two sites on the Batéké plateau in the

Democratic Republic of Congo

Soil property Site S1 Site S2

Physical properties

Clay (%) 3.2 ± 0.2 2.8 ± 0.3

Silt (%) 5.4 ± 0.1 5.0 ± 0.2

Sand (%) 91.4 ± 0.9 92.2 ± 1.7

Soil acidity

pH (H2O) 5.2 ± 0.1 5.1 ± 0.1

pH (KCl) 4.3 ± 0.0 4.2 ± 0.1

Macronutrients

Organic C (%) 1.05 ± 0.09 0.85 ± 0.09

Total N (%) 0.06 ± 0.01 0.04 ± 0.01

Available P (mg ⁄ kg) 17.0 ± 3.0 16.0 ± 2.0

Ca (cmolc ⁄ kg) 0.27 ± 0.06 0.24 ± 0.04

Mg (cmolc ⁄ kg) 0.10 ± 0.05 0.09 ± 0.01

K (cmolc ⁄ kg) 0.03 ± 0.02 0.03 ± 0.01

Na (cmolc ⁄ kg) 0.02 ± 0.00 0.01 ± 0.00

Exchange complex

CEC (cmolc ⁄ kg) 3.01 ± 1.12 2.89 ± 0.50

Base saturation (%) 14 ± 2 13 ± 1

Al (cmolc ⁄ kg) 1.29 ± 0.25 1.40 ± 0.3

Al saturation (% ECEC) 75 ± 3 79 ± 2

Values are presented as mean ± standard deviation (n = 25). CEC,

cation exchange capacity.
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transferred into 20-cm long PVC cylinders with an internal

diameter of 5.0 cm, closed at the bottom with cotton wool.

The cylinders were mounted on plastic funnels and held in

place by cylinder holders; plastic flasks collected the solutions

from the cylinders.

Environmental control

The soils were brought to field capacity with distilled water

and incubated in the laboratory for 24 months. The average

day and night temperatures were 26 and 18 �C, respectively.
A total of 560 mL of distilled water, about 87% of the

average trimestral rainfall, was added during the first

trimester. The wetting was done as weekly applications of

46.7 mL with soil brought to a moisture content of ca. 67%

field capacity. At the start of each subsequent incubation

trimester, the soil was rewetted to field capacity and the

weekly water application rate was recalculated taking into

account the weight of soil remaining in the cylinder.

Soil and leachate analysis

Every 3 months of the 2-yr soil incubation experiment, the

soil was air-dried and carefully homogenized to obtain

representative fine earth samples of about 50 g. Particle size

distribution (pipette method of Köhn) (Köhn, 1929), pH

[1:2.5 soil-solution (H2O or 1 N KCl) extract], organic

carbon-Corg, (Walkley & Black, 1934), total nitrogen (Ntot,

Kjeldahl), available phosphorus (Pav, Bray 2), CEC and

exchangeable basic cations (1 m NH4OAc at pH 7) were

determined according to the methods described by Van Ranst

et al. (1999). The leachate was collected in plastic flasks every

3 months during the first year of the experiment and stored in

the refrigerator. The leachate volume was measured and the

leached cations were determined by AAS in concentrated

nitric extraction.

Statistical analysis

Descriptive statistics and one-way ANOVA with mean value

separation using the Tukey significant difference (HSD) test

were carried out using SPSS 16 software (SPSS for Windows,

Rel. 16.0.2. 2008. Chicago: SPSS Inc.). Tests for significant

effects at different time steps of the amendment and

application rates on the physico-chemical properties were

performed. Pearson correlation coefficients were calculated to

assess relationships between the selected soil characteristics.

Results and discussion

Nutrient supply

The effects of incubating the Arenosols with coffee waste

amendments at various rates on soil pH, sum of base cations

(SBC), Corg, Ntot and Pav contents are shown in Figures 1

and 2. The fertility response of the coffee waste amended

soils is characterized by a consistent increase up to 9 or

12 months of incubation. Corg and Ntot remain more or less

constant during the second year of the experiment, whereas

pH and SBC tend to decline slightly. Pav sharply declines to

reach its initial level after 12–18 months of incubation

depending on the application rate. An overview of the mean

soil chemical properties after 1 yr of incubation is given in

Table 3.

Acidity. All treatments with coffee waste increased the pH-

H2O above 5.5 and thus decreased Al toxicity and

exchangeable soil acidity as at this pH, Al does not exist in

exchangeable form as its solubility is very limited. The

exchangeable Al is 1.29 and 1.40 cmolc ⁄kg for the non-

amended soils S1 and S2 respectively giving an Al saturation

of 75 and 79% (expressed as a percentage of the effective

CEC). According to Landon (1991), soils with an Al

saturation of >60% are critical for Al-sensitive crops. As

all amended soils are characterized by a pH-H2O >5.5,

application of coffee waste significantly decreased the level of

phytotoxic Al.

The pH-KCl is systematically lower than the pH-H2O

indicating a net negative charge on the exchange complex.

Table 2 Chemical properties of the coffee waste amendment

Property Value

Acidity

pH-H2O 8.0 ± 0.3

CaCO3 equivalent (%) 17.7 ± 0.4

Moisture (Humidity, %) 8.4

Dry matter (DM, %) 91.4

Mineral component (%)

Ca 0.37

Mg 0.14

K 2.49

Na 0.04

P 0.18

Mn 0.01

Al 0.58

Fe 0.29

Organic component

C (%) 44.87 ± 0.50

N (%) 1.69 ± 0.03

Lignin (%) 28.6

Cellulose (%) 30.4

Hemi-cellulose (%) 14.9

Tanins (polyphenols) (%) 0.4

C ⁄N ratio 27

Lignin ⁄N ratio 17

Cellulose ⁄N ratio 18

Values are mean ± SD (n = 3) unless otherwise specified.
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Application of coffee waste (20 t ⁄ha) increased the pH from

5.21 to 6.24 (Table 3). This effect was still detectable

24 months after coffee waste application when the pH values

were 5.11 for the control and 6.17 for the coffee waste

amended soils (Figure 1a). The acid neutralizing capacity of

coffee waste (Table 2) associated with its high application

rate is an important factor that contributed to the increase of

soil pH in the coffee waste amended soils. Additionally, the

organic anion content of the waste could have contributed to

the increase in soil pH. According to Yan et al. (1996),

decarboxylation of organic anions from organic amendment

often results in both consumption of protons and release of

CO2. The incorporation of organic materials in acid soils has

been shown to lower the levels of extractable Al and increase

yields (Hue & Amien, 1989; Qafoku et al., 2004). This soil

improvement is thought to be caused by the formation of

organo-Al complexes that lower the level of phytotoxic Al in

the soil solution and increase Ntot and Corg inputs (Haynes &

Mokolobate, 2001).

Sum of basic cations. Coffee waste applications increased the

SBC compared with the control, irrespective of the

application rate. Exchangeable Ca, Mg and K increased

respectively 5–7, 2–3 and 7–14 times with greater application

rates (Table 3). Exchangeable K comprised up to 15% of the

SBC. The high K content of coffee waste (Table 2) along

with its high application rate could have contributed to this

significant increase in exchangeable K. Increasing the coffee

waste application rate (5, 10, 20 t ⁄ha) significantly increased

exchangeable K from 0.03 cmolc ⁄kg (control) to 0.20, 0.30

and 0.40 cmolc ⁄kg respectively after 1 yr of soil incubation.

The coffee pulp is therefore also a K provider. On the other

hand, exchangeable Ca and Mg are significantly different

from the control, but the change in the magnitude of their

composition is small. As the amount of distilled water added

during the experiment was the same (same soil–water ratio)

for all application rates, differences with respect to the

control can be attributed to the lack of sufficient water to

promote dissolution and ⁄or to the release of Ca, Mg, K and

Na from coffee waste material. A greater amount of distilled

water such as from simulating more than 100% of the

average local rainfall could have dissolved more basic cations

in soil amended with the higher rate of coffee waste.

Organic C, total N and available P. Organic C and total N in

coffee waste amended soils were significantly (P < 0.05)

higher than in the control (Table 3; Figure 2a,b). The

application of coffee waste significantly increased N and SOC

content by at least 120 and 73% respectively, inducing a

decrease in the C ⁄N ratio from 17 to 13. Changes in Corg

were not very pronounced despite a fourfold increase in

application rate with values ranging between 1.42 and 1.58%

for an addition of 5 and 20 t ⁄ha of coffee waste. A significant

increase in pH of up to 1.0 pH unit as induced by adding

coffee waste could result in an increase in N and C

mineralization. The loss due to leaching of dissolved organic

carbon (DOC) and N from the soil column is likely to have

been an important factor that contributed to limit the OC

and total N in coffee waste amended soils, thus an increase in

the rate of coffee waste application (5, 10 and 20 t ⁄ha) did

not produce a proportional increase in soil N and OC. It has

been shown that mineralization of N and C is stimulated in

the leaching extract when the soil pH is raised (Jòzefaciuk

et al., 1996; Curtin et al., 1998). Increases in available P were

significant (P < 0.05) but temporary, with maximum values

attained at 9 months corresponding to an increase of 60%

(Figure 2c). The liming effect induced by coffee waste

application combined with its P content (Table 2) could have
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Table 3 Chemical properties of soil S2 after 1 yr of incubation with different rates of coffee waste (C)

Treatments pH-H2O pH-KCl

(%)

C ⁄N Pav(mg ⁄ kg)OC Ntot

Control 5.21 a 4.16 a 0.82 a 0.049 a 17 b 14 a

C at 5 t ⁄ ha 6.14 b 4.99 b 1.42 b 0.108 b 13 a 15 a

C at 10 t ⁄ ha 6.26 b 5.13 c 1.55 c 0.119 c 13 a 16 ab

C at 20 t ⁄ ha 6.24 b 5.11 c 1.58 c 0.122 c 13 a 19 b

P <0.001 <0.001 <0.001 <0.001 0.001 0.003

Treatments

Ca Mg K Na SB CEC

(cmolc ⁄ kg)

Control 0.23 a 0.11 a 0.03 a 0.02 a 0.39 a 3.07 a

C at 5 t ⁄ ha 1.21 b 0.23 b 0.20 b 0.03 ab 1.67 b 5.27 b

C at 10 t ⁄ ha 1.31 c 0.28 bc 0.30 c 0.03 ab 1.92 c 6.00 c

C at 20 t ⁄ ha 1.59 d 0.31 c 0.41 d 0.03 ab 2.34 d 6.38 d

P <0.001 0.001 <0.001 0.045 <0.001 <0.001

Means (n = 3) followed by different letters in the same column are statistically significantly different at P < 0.05. SB, sum of basic cations;

Ntot, total nitrogen; OC, organic carbon; Pav, available phosphorus; CEC, cation exchange capacity.
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contributed to this increase in Pav in coffee waste amended

soils. An enhanced P availability following the application of

organic amendments to acid soils has been observed

(Iyamuremye & Dick, 1996; Materechera & Mkhabela, 2002).

This is attributed to a decreased P adsorption capacity of the

soil due to increased pH or blockage of adsorption sites on

soil colloids by organic molecules and ⁄or inorganic P released

during manure decomposition. Our study clearly shows that

applications of coffee waste, which inevitably contains free

oxides, hydroxides or carbonates of Ca, Mg, K and Na,

increase the soil pH above 5.5 and provide readily available

nutrients for plants.

Nutrient retention capacity

The application of coffee waste improved the nutrient or ion-

retention capacity. The CEC in all treatments was

significantly (P < 0.05) higher than in the control (Table 3).

The changes in CEC (Figure 3) follow the same trends as for

pH (Figure 1a) and SBC (Figure 1b). In coffee waste

amended soils, the CEC doubled within the first year of

incubation and remained relatively constant until the end of

the experiment. The combined action of increasing soil pH

(Figure 1a) and Corg (Figure 2a) with coffee waste application

is the main factor contributing to this increase in CEC.

Soil pH is significantly correlated with CEC (r2 = 0.77,

CEC = 2.3111 · pH)8.9978) in both amended and

unamended soils. Many studies have shown a significant

increase in CEC with increasing pH and ⁄or Corg in highly

weathered variable charge soils dominated by kaolinite,

oxides and hydroxides of Al and Fe (Adams, 1984; Alloway

& Jackson, 1991; Van Ranst, 1995; Ingerslev, 1997; Noble &

Hurney, 2000). In addition, increasing soil pH has been

shown to decrease the retention of anions such as SO4
2) and

HPO4
2) and increase the ability of soils to retain cation

nutrients and potential toxic heavy metals (Marsh et al.,

1987; Naindu et al., 1990). Therefore, coffee waste is

potentially very efficient in improving cation nutrient

retention capacity of the Batéké Arenosols.

Water retention

The fraction of the applied soil water percolating through the

soil columns was significantly (P < 0.05) smaller for the

amended soils than for the control soils, indicating an

increase in water retention capacity (Figure 4). Coffee waste

increased the fraction of water retained by the columns from

about 53% to 60% throughout the experiment regardless of

the application rate. Much research has been conducted to

improve the physico-chemical properties of soils with low

organic matter contents in the tropics by using organic

residues such as green manure, organic wastes and coal-

derived humic substances (Piccolo & Mbagwu, 1990; Glaser

et al., 2002). Some studies have found a significant increase in

water holding capacity relative to controls (Bembridge, 1989;

Mbagwu, 1989; Rose, 1991). The increase in water retention

due to coffee waste additions as found in our research is

closely related to soil structural improvement as a result of

increased organic matter. In addition, the relatively high

cellulose content (Table 2) could have contributed to an
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increased water retention capacity (Tenaw & Kelsa, 1998;

Sannino et al., 2009).

Micro- and macronutrient retention

A significant (P < 0.01) increase was found in the Fe

concentration in the leachate of the amended soils collected

1 yr after the incubation (Table 4). This suggests that coffee

waste application mobilizes Fe, possibly through the

formation of soluble organo-complexes with Fe (Lindsay,

1991). In contrast, the Mn content in the leachate of the

amended soils is significantly (P < 0.05) lower compared

with the control, indicating a reduction in this phytotoxic

element for plant growth. Coffee waste application through

increasing the pH on average to 6.2 did not induce a

significant immobilization of Cu and Zn.

In terms of the macronutrients results, Table 4 shows a

difference in behaviour of monovalent and bivalent base

cations. Compared with the control leachate, coffee waste

application did not affect the concentrations of Ca and Mg,

but significantly increased the concentration of K and Na.

As the amendment also affects the availability (Table 3), an

evaluation of nutrient retention capacity needs to consider

the concentration ratio of the exchangeable base cations

retained by the soils to the leached base cations collected in

the leachate (Figure 5). Coffee waste application promoted

the retention of bivalent cations. Only small amounts of

these cations (£18%) were removed during the experiment

(Figure 5a,b). Figure 5c illustrates the large difference in K

retention capacity of coffee waste amended soils versus the

control soil. In the control soil, about 45% of the potentially

exchangeable K is lost by leaching. Coffee waste application

reduces these losses to a maximum of 13% in the amended

soils. Na was least retained by the soil with losses amounting

to 58 and 43% in the control and coffee waste amended

soils, respectively. Similar results have been obtained by

Curtin & Smillie (1986), Riggs et al. (1995) and Ingerslev

(1997).

Table 4 Cation concentrations in the leachate 1 yr after incubation of soil S2 with coffee waste (C) at three application rates

Treatments

(mg ⁄L)

Ca2+ Mg2+ K+ Na+ Fe3+ Mn2+ Cu2+ Zn2+

Control 10.25 a 2.38 a 4.11 a 2.39 a 0.10 a 0.42 b 0.08 a 0.07 a

C at 5 t ⁄ ha 9.30 a 2.35 a 13.71 b 2.82 ab 0.17 b 0.07 a 0.07 a 0.05 a

C at 10 t ⁄ ha 9.95 a 3.13 a 15.85 bc 4.83 b 0.17 b 0.08 a 0.09 a 0.04 a

C at 20 t ⁄ ha 10.24 a 3.74 a 17.31 c 4.61 ab 0.18 b 0.07 a 0.09 a 0.04 a

P 0.654 0.159 <0.001 0.021 0.002 <0.001 0.404 0.073

Means (mg ⁄L) (n = 3) followed by different letters in the same column are statistically significantly different at P < 0.05.
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Conclusion

This project demonstrates the efficiency of coffee waste in

improving the physico-chemical quality of Arenosols under

humid tropical conditions. Coffee waste application

significantly raised the pH above 5.5 within 3 months and

throughout the entire incubation period. It also significantly

improved the supply of Ntot, Pav, Ca, Mg and K, whereas it

immobilized the phytotoxic micronutrient Mn and mobilized

Fe. The C ⁄N ratio of the coffee waste amended soils was

found within the optimal range (10–14). Soil structural

improvement caused by increased organic matter promoted

water retention. The relatively high alkalinity and probably

the proton consuming ability of humic materials, as well as the

high nutrient contents in coffee waste, are considered the main

factors responsible for the reduced soil acidity and improved

nutrient supply and nutrient retention of the amended soils.

This is of particular importance as it indicates the value of

coffee waste as an alternative for small-scale farmers who

cannot afford to regularly purchase mineral fertilizers.
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Jòzefaciuk, G., Sokolowska, Z., Hajnos, M., Hoffmann, C. &

Renger, M. 1996. Large effect of leaching of DOC on water

adsorption properties of a sandy soil. Geoderma, 74, 125–137.

Kasongo, R.K., Van Ranst, E., Verdoodt, A., Kanyankogote, P. &

Baert, G. 2009. Impact of Acacia auriculiformis on the chemical

fertility of sandy soils on the Batéké plateau, D.R Congo. Soil Use
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Suárez de Castro, F. 1960. Valor de la pulpa de café como abono.
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