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ABSTRACT:  10 

Water hyacinth (WH) or Eichhornia crassipes is one of the 100 most dangerous invasive species in the 11 

world. Currently, WH has enormous negative impacts on various ecosystems, and its eradication poses 12 

a seemingly impossible challenge. Physical extraction has been found to be an adequate process for 13 

controlling the spread of WH, but sustainable waste management of WH has not been achieved due to 14 

its ability to absorb pollutants. In this study, preliminary research on the possibility of using water 15 

hyacinth root ash (WHRA) as an alternative to pozzolans in cement matrices in order to fix these 16 

pollutants is presented. Characterization of the samples was carried out by XRF, SEM, BSE, EDX, 17 

ICP-OES, XRD and FTIR. A complete study of the pozzolanic activity and hydrated products of 18 

WHRA was conducted. Mechanical characterization of 25% replacement mortars was evaluated, and a 19 

pollutant fixed/leaching characterization was made. The results indicate that WHRA reacts with 20 

calcium ions and other pollutants. Thus, WHRA–cement mortars can be utilized as a green method of 21 

fixing the pollutants present in WHRA. The incorporation of WHRA is suitable as a cement addition 22 

for non-structural constructive elements, such as pavements or precast products. WHRA–cement 23 

composite is a low-cost, greener material, which promotes the reuse of waste and pollutant elimination.  24 

 25 

STATEMENT OF NOVELTY 26 

This research confirms that WH biomass is a pollutant waste, and its condition as such has not been 27 

sufficiently considered in previous investigations. WH roots have a great capacity to absorb pollutants 28 

from surrounding water; however, previously proposed uses of WH have not taken this issue into 29 

consideration. Therefore, our proposed use of WHRA as an alternative addition to cement matrix is 30 
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novel. Moreover, our proposal reduces the environmental impact of WH and promotes the valorization 31 

of a pest biomass.  32 

WH roots accumulate silicon and other pollutants. Nevertheless, previous studies have not focused on 33 

the pozzolanic utilization of ashes composed of WH roots. In fact, minor component interactions in 34 

such pozzolanic reactions have not been analyzed. 35 

In this paper, we present a complete analysis of the hydration components of WH–cement composites 36 

during pozzolanic reactions, as well as an analysis of fixed/leaching elements in these composites. 37 

 38 

KEYWORDS: water hyacinth root ash; invasive species; pollutant ash; pozzolanic activity; waste 39 

valorization; sustainable construction. 40 

 41 

1. Introduction  42 

Water hyacinth (WH) or Eichhornia crassipes grows in many different regions of the world [1]. It has 43 

been identified as one of the 100 most dangerous invasive species on Earth [2]. Over the last decade, 44 

several different studies have focused on its eradication; however, it seems to be a nearly impossible 45 

challenge to achieve [1–3]. The most effective solution is the physical removal of the plant [2, 4]; 46 

however, such measures are extremely expensive. Furthermore, the huge amount of WH biomass 47 

generates challenging waste management problems [1, 2, 4–6]. Several studies have investigated 48 

different uses of WH as animal feed [7], fertilizer [7–9], a component in bioethanol production [10–49 

12], an energy producer via combustion [13, 14], or briquettes [15–17]. Nevertheless, these uses fail to 50 

consider the tendency of WH to fix heavy metals and other pollutants into its structure [18, 19]. Hence, 51 

WH promotes the accumulation of toxic elements in the food chain [20], and its sustainable 52 

valorization is difficult to achieve. The immobilization of pollutants in cement matrices is a common 53 

sustainable practice [21–23]. Thus, this research proposes the use of WH ashes as an alternative 54 

pozzolanic additive in cement matrices in order to immobilize the pollutants accumulated in WH 55 

biomass. 56 

Countless investigations have been conducted over the last few years to identify new alternative 57 

pozzolanic additives based on wastes or biomass sub-products of the industrial field [23–31] or on 58 

agroindustrial waste [24, 27, 32–39]. Pozzolanic additions are generally characterized by their high 59 

silicon content. WH is rich in SiO2 [40–42], and it accumulates silica in its roots [40]. However, there 60 
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are few investigations exploring the use of WH as a pozzolanic addition in cement matrices [41–43]. In 61 

addition, the part of the plant used in the few existing studies involving WH was not always clearly 62 

defined [41, 42]. To our knowledge, the case of [43] is the only instance in which WH petiole ash has 63 

been evaluated as a pozzolanic addition, and low pozzolanic behavior was found. Consequently, we 64 

hypothesize that WH roots are the most efficient part of the plant for use as a pozzolanic addition. In 65 

this paper, we conducted an evaluation of water hyacinth root ash (WHRA) as a pozzolanic addition in 66 

order to confirm our hypothesis. 67 

 68 

As mentioned above, WH is an excellent water purifier [1], because it is able to fix pollutants in the 69 

surrounding water in its roots. Nevertheless, no previous studies have analyzed the interferences of 70 

minor components in hydration reactions involving WH. In addition, no chemical analysis of the 71 

hydration products of cement–WH composites has been presented in the literature. Therefore, an in-72 

depth analysis of the pozzolanic activity of WH is needed in order to determine its main hydrate phases 73 

and to establish the nature of its pollutant fixation. 74 

In the same way, WH fixes alkaline oxide and sulfates from the surrounding water. Therefore, WHRA 75 

typically has higher amount of alkali content [41–43]. Solubility in water is one of the common 76 

procedures to reduce alkali content. This technique diminishes the K2O, NaO, and Cl- contents [39, 44], 77 

and its effect can be improved by raising the temperature of the water [39]. In addition, pre-treatments 78 

with 0.01 N HCl remove alkaline compounds [39, 44]. Alkaline oxides and sulfates interfere in 79 

hydration reactions, and they reduce the long-term durability of mortars [27, 45, 46]. Nonetheless, 80 

previous studies did not investigate the effect of such a reduction on the durability of WHRA-based 81 

mortars. Therefore, optimized use of WH ashes in cement has not been developed. Thus, here, two pre-82 

treatments were tested in order to reduce the alkali content of WHRA. The pre-treatments were water-83 

based, because 0.01 N HCl pre-treatments were rejected because of their corrosive power and the 84 

environmental risk caused by their use. Different water temperatures were evaluated to determine their 85 

effects on the pozzolanic reactions. 86 

This research investigated the viability of WHRA as alternative pozzolan addition in cement matrices 87 

in order to fix the pollutants contained in the ashes. In addition, two pre-treatments were evaluated to 88 

analyze their effects on the pozzolanic activity. To achieve this goal, a chemical characterization of the 89 

samples, a pozzolanic activity analysis, and a chemical characterization of the hydration products were 90 
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developed. An analysis of pollutant fixation in the cement–WHRA composite was also conducted. All 91 

the tests were designed to identify a low-cost green application that valorizes WHRA and, thus, to 92 

avoid the harmful environmental impacts of WH biomass. 93 

 94 

2. Materials and Methods 95 

2.1. Materials  96 

WH, ordinary Portland cement (OPC), and standard siliceous sand were used in this research. 97 

WH from the Guadiana River in Extremadura (Spain) was used. The plant specimens were identified as 98 

Eichhornia crassipes in the Botany Area of the University of Extremadura (Badajoz). Vouchers of 99 

permission for scientific research (General Directorate of Environment Reference Number 100 

CN35/15/ACA) are conserved at the Herbarium of the University of Extremadura.  101 

The roots were separated from the petioles and leaves. They were washed rigorously with cool water in 102 

order to remove undesirable materials. Then, the roots were cut into approximately 5-cm pieces, and 103 

they were kept under sunlight for 15 days at 30 º C to achieve an 80 wt.% loss.  104 

Based on the literature [41], the roots were burned in open air at 650 ºC (20 ºC/min) for 45 min. The 105 

ashes were allowed to cool, and then, they were milled and sieved under 90 μm. According to previous 106 

studies [39], the ashes were subjected to two different pre-treatments (Table 1) in order to reduce the 107 

alkali content of the samples. A detailed description of the procedure is described below. 108 

 109 

Table 1. Pre-treatments performed. 110 

Name 

 

Conditions 

Water Temperature Stirring Time Water Change 

WHRA ---- ---- ----- 

P1 80 ºC 4 h No 

P2 23 ºC 24 h Every 8 h 

WHRA: water hyacinth root ash without pre-treatment 

P1: Pre-treatment 1 

P2: Pre-treatment 2 

 111 

WHRA and distilled water were introduced into a glass container in a 1:16 ratio (WHRA/water) and 112 

mechanically stirred [47] for 24 h. Afterward, the mix was separated into a solid from a liquid using a 113 

vacuum filter. The solid was dried at 105 ºC for 24 h, and then, it was analyzed by X-ray fluorescence 114 

(XRF) and inductively coupled plasma optical emission spectrometry (ICP-OES). The effects of the 115 
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pre-treatments were evaluated by comparing the chemical composition of the samples before and after 116 

the pre-treatments.  117 

Finally, a type of commercial OPC, CEM I 42.5R [48], supplied by Portland Valderribas (Spain), was 118 

used in order to avoid the influence of additions into the studied properties. According to the 119 

manufacturer, this cement has 64.06 wt.% of CaO, 19.82 wt.% of SiO2, 5.81 wt.% of Al2O3, 4.90 wt.% 120 

of CaCO3, and 2.37 wt.% of Fe2O3. The minor detectable components are mainly Na2O with 0.06 wt.% 121 

and K2O with 1.05 wt.%. The Blaine fineness is 4002 cm²/g.  122 

Mortars were prepared with standard siliceous sand [49] with a silica content of up to 98% and with a 123 

particle size of less than 2 mm. 124 

 125 

2.2.  Methods 126 

2.2.1. Chemical characterization of samples 127 

The major components of the samples were chemically characterized on a S8 Tiger Bruker (Karlsruhe, 128 

Germany) X-ray fluorescence (XRF) spectrometer fitted with a 4-kW rhodium anticathode tube. 129 

Analyses were carried out in fused bead. In addition, chloride and SO3 content, loss of ignition, and the 130 

active silica were analyzed under the instructions of European Standard EN 196-2 [50]. Moreover, 131 

minor components were measured by Inductively Coupled Plasma Optical Emission Spectrometer 132 

(ICP-OES), on a Varian 725-ES (Melbourne, Australia). 133 

 134 

The mineralogical phases of samples were identified by a BRUKER AXS D8 GmbH (Karlsruhe, 135 

Germany) X-ray powder diffractor (XRD) fitted with a 3-kW (Cu Kα1.2) copper anode and wolfram 136 

cathode X-ray generator. Scans were taken between 2Ѳ, angles of 5–60 at a rate of 2/minute. The 137 

standard operating conditions for the voltage generator tube were 40 kV and 30 mA.  138 

 139 

Finally, a Scanning Electron Microscopy (SEM) HITACHI S4800 equipped with a BRUKER nano 140 

XFlash Detector 5030 energy dispersive X-ray (EDX) analyzer was used. The ashes were fixed in the 141 

sample carrier with a bi-adhesive graphite sheet and then metallized with graphite. 142 

 143 

2.2.2. Evaluation of pozzolanic activity 144 
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Different experimental methodologies were utilized in order to evaluate the pozzolanic activity in terms 145 

of qualitative and quantitative factors. Therefore, Lime Saturated Solution (LSS) and Strength Activity 146 

Index (SAI) tests were developed. 147 

 148 

LSS is an accelerated method described above [51], which involves placing 1 g of sample in 75 mL of 149 

a saturated lime solution at 40 °C for a pre-established test time (1 day, 3 days, 7 days, 28 days, and 90 150 

days). Two flaks and two blank tests per period were utilized. After the reaction time lapsed, the 151 

solutions were filtered, and the CaO concentration in the liquid was evaluated. Then, 0.02 M 152 

Ethylenediaminetetraacetic acid (EDTA) was used to determine the CaO concentration. The fixed lime 153 

(mmol/L) by the WHRA was then calculated as the difference between the reference CaO 154 

concentration (17.68 mmol/L) and the concentration in the test solution. The lower the CaO content in 155 

the liquid, the greater CaO amount fixed by the WHRA. For clarity, the result is given as a percentage 156 

of the mean lime fixed by the WHRA per period. 157 

 158 

Subsequently, the obtained solid residue (WHRA with the fixed CaO) was analyzed by XRD, SEM, 159 

and EDX in order to identify the hydration products and the interactions produced. The procedures 160 

used here were the same as those described in Section 2.2.1.  161 

In addition, a Thermo Scientific Nicolet 600 Fourier transform infrared spectrometer (FTIR) (Waltham, 162 

USA) was used in order to make a qualitative characterization of the possible amorphous material in 163 

the samples. A spectral resolution of 4 cm-1 across a range of 4000–500 cm-1 was featured. The samples 164 

were milled with KBr in a 1:3 ratio (sample/KBr). Then, the samples were introduced into a mold 165 

where they were subjected to vacuuming and pressure of 34.47 MPa, and tables were obtained to 166 

identify the spectrum. 167 

 168 

SAI was calculated in accordance with European Standard EN 450-1 [52]. It is based on the 169 

mechanical performance evaluation of a control mortar with 100% OPC compared with a sample with 170 

25 wt.% ash replacement. In both cases, a dosage ratio of 1:3 by mass (blinder/sand) was used with a 171 

water/blinder ratio (w/b) of 0.5 following the standard [49]. The mixture was cast immediately into the 172 

molds (4 x 4 x 16) cm3 and allowed to set for 24 h. Thereafter, the samples were demolded and then 173 

allowed to cure in water for 28 and 90 days in ambient temperatures. After the desired period of curing, 174 
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the samples were removed from the curing chamber, surface dried, and allowed to characterize. 175 

Compressive strength was measured with an Ibertest Autotest 200/10-SW test frame, following EN 176 

196-1 [49]. Complementary to the mechanical performance analysis, water absorption by immersion 177 

test was performed after 28 and 90 days of curing time, according to the American Society Test 178 

Materials Standard C642 [53]. Specimens were placed in an oven at 103 ±2 ºC until constant weight 179 

(Md) was reached. Afterward, they were introduced into the water at 25 ºC for 24 h. After soaking, the 180 

samples were drained on paper towels to remove excess water, and their weights were recorded (Msat). 181 

An electronic balance with a precision of 0.01 g was used. At least four specimens per each sample 182 

were tested to obtain reliable average coefficient and standard deviations. The water absorption 183 

coefficient (WA) was determined using Equation (1).  184 

WA (%) = 
𝑀𝑠𝑎𝑡 − 𝑀𝑑

𝑀𝑑
 × 100 (1) 

where Msat is the weight of the samples registered after 24 h of water immersion and Md is the oven dry 185 

mass of the samples.  186 

 187 

In order to identify the samples, a designation of 25 was assigned, indicating 25% replacement of 188 

cement with WHRA (25-WHRA), 25% replacement of cement with ash with pre-treatment 1 (25-P1), 189 

or 25% replacement of cement with pre-treatment 2 (25-P2) compared with the control sample (OPC). 190 

 191 

2.2.3. Evaluation of the fixed pollutants 192 

The fixed pollutants were evaluated by a leaching test based on that of the North American 193 

Environmental Protection Agency [47]. Thus, pH modifiers were not incorporated in order to replicate 194 

real conditions. The test consisted of continuous agitation (for 24 h) of the solid waste in deionized 195 

water (lixiviant) in a 1:16 ratio (WHRA/water). Later, the sample was filtered with a vacuum filter, and 196 

the lixiviants were analyzed by ICP-OES. 197 

 198 

Based on previous results, fixed analysis was only conducted in WHRA. Therefore, tests were 199 

performed with WHRA, 25-WHRA, and OPC. In order to identify the samples, the designation L was 200 

assigned, indicating the lixiviant collected from WHRA (L-WHRA), from 25-WHRA (L-25-WHRA) 201 

and from OPC (L-OPC).  202 

 203 
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At the same time, OPC and 25-WHRA were observed by Backscattered Electron Microscopy (BSE) 204 

using a HITACHI S4800 equipped with a BRUKER nano XFlash Detector 5030 EDX, and an 205 

elemental mapping of the mineral composition was generated. The samples were embedded in an 206 

epoxy resin and then cut and polished, thus ensuring a perfectly flat surface.  207 

 208 

3. Results and Discussion 209 

3.1. Chemical characterization and pre-treatment effect evaluation. 210 

The WHRA’s silica content was high (24.31 wt.%; Table 2), but it was not as high as in previous 211 

studies [41, 42]. Different content was detected because of the environmental context, as stated 212 

previously [54]. In this context, WHRA was rich in K2O, SO3, MgO, and P2O5 due to the agricultural 213 

activity in the areas close to the Guadiana river [1]. All these components were fixed in the WH roots 214 

because of its macrophyte properties [2, 14, 18]. Therefore, as expected, the need for pre-treatments 215 

was confirmed [45, 55]. 216 

 217 

Table 2: Chemical composition of the studied ash via X-ray fluorescence (XRF) (wt. %). 218 

Samples SiO2 CaO Al2O3 Fe2O3 K2O SO3 Cl Na2O MgO P2O5 MnO TiO2 LOI 

WHRA 24.31 7.84 7.94 3.06 16.92 6.04 3.84 3.26 6.34 4.88 2.29 0.39 11.15 

P1 33.52 11.46 9.30 3.75 6.83 1.78 0.34 1.54 8.83 5.28 2.45 0.34 13.81 

P2 33.56 12.03 10.14 4.13 5.31 0.74 0.07 1.37 9.69 6.03 2.71 0.41 13.12 

LOI= Loss on ignition 

WHRA: water hyacinth root ash without pre-treatment 

P1: WHRA washing with water at 80 ºC for 4 h 

P2: WHRA washing with water at 23 ºC for 24 h. The water was replaced every 8 h. 

 219 

In terms of the reduction in alkaline content, both pre-treatments were efficient. However, P2 was the 220 

most effective, because K2O, SO3, and Cl were reduced by 68.61%, 87.75%, and 98.17%, respectively 221 

(Table 2). Pre-treatment efficiency was corroborated by XRD (Fig. 1). As Fig. 1 displays, potassium, 222 

chromium, and sulfates could be identified in the WHRA by XRD (Fig. 1) as sylvite (KCl) and 223 

anhydrite (CaSO4) phases. However, in P1 and P2, they disappeared, because they were dissolved in 224 

the pre-treatment water. Microscopic observation by SEM-EDX (Fig. 2 and Table 3) corroborated the 225 

lower alkali contents in both the pre-treatment samples (Fig. 2c,d) compared with WHRA (Fig. 2a,b). 226 

High alkali content causes long-term durability problems [45]. For this reason, European Standards 227 

[52] limit the total alkali content of such materials to 5.0% by weight of total mass. Therefore, only P2 228 
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met these requirements, but it was just within the limit. Hence, prismatic crystals of CaO (Fig. 2d) were 229 

found due to its precipitation in the alkaline medium. Thus, a potential risk of delayed expansion due to 230 

the hydration of CaO exists [56]. 231 

 232 

Fig. 1 XRD patterns for WHRA, P1, and P2. S=KCl, C=CaCO3, Q=SiO2, P=MgO, A=CaSO4, 233 

Ap=Ca5(PO4)3(OH).  234 

 235 

On the other hand, pre-treatment did not reduce the magnesium and phosphate content of the samples 236 

(Table 2), and both contents were higher than the standard requirements [52]. In fact, traces of periclase 237 

(MgO) and hydroxyapatite (Ca5(PO4)3(OH)) were seen by XDR (Fig. 1), as well as by SEM-EDX (Fig. 238 

2b). Thus, they could interfere in the hydration cement reaction, and long-term durability problems 239 

related to periclase hydration could appear [45, 55]. A detailed study of the interactions between these 240 

components is discussed in Section 3.2. 241 

 242 
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 243 

Fig. 2 SEM microphotography of WHRA (a,b), P1 (c), and P2 (d). Chemical analysis by EDX is 244 

displayed in Table 3. 245 

 246 

Table 3: Chemical compounds of WHRA without treatment by EDX (Fig. 2) (wt.%). 247 

 EDX SiO2 CaO Al2O3 MgO FeO Na2O K2O SO3 P2O5 Cl TiO2 MnO 

(a) 

Si 97.479 0.557 0.489 0.320 0.001 0.212 0.615 0.003 ND 0.001 0.002 0.320 

∂ (+/-) 1.875 0.080 0.054 0.051 ND 0.050 0.080 ND 0.001 ND ND 0.127 

K-Ca 0.504 56.391 0.513 0.626 0.236 6.530 31.691 2.585 0.208 0.712 0.002 0.001 

∂ (+/-) 0.052 1.090 0.052 0.060 0.110 0.276 0.722 0.084 0.048 ND ND 0.075 

Si-Al 38.213 5.604 22.858 5.073 4.350 1.997 14.382 3.910 0.778 2.597 0.002 0.236 

∂ (+/-

)- 
0.660 0.222 0.498 0.185 0.440 0.129 0.427 0.108 0.078 0.146 ND 0.103 

K-S 0.501 2.913 0.503 3.451 0.002 4.007 48.629 0.304 0.619 38.212 0.196 0.664 

∂ (+/-) 0.054 0.170 0.055 0.155 ND 0.224 1.284 0.044 0.073 1.224 0.062 0.174 

              

(b) 

K-S 0.588 2.354 0.209 1.324 0.465 2.532 48.695 33.197 0.108 10.526 0.002 0.001 

∂ (+/-) 0.054 0.139 0.041 0.083 0.144 0.150 1.167 0.448 0.041 ND ND 0.371 

K-Cl 0.003 2.714 0.003 5.628 1.845 7.352 41.738 0.607 0.001 39.682 0.002 0.425 

∂ (+/-) ND 0.140 ND 0.185 0.256 0.299 0.936 0.048 ND 1.057 ND 0.123 

S 0.451 20.542 0.512 25.573 1.318 6.019 15.723 20.094 6.148 0.737 0.474 2.410 

∂ (+/-) 0.051 0.527 0.053 0.673 0.239 0.275 0.451 0.303 0.254 0.079 0.079 0.307 

              

(c)  Ca 40.513 18.663 13.066 7.091 9.587 0.631 3.723 0.029 0.434 0.001 2.327 3.934 

 ∂ (+/-) 0.713 0.497 0.320 0.241 0.682 0.071 0.171 0.005 0.062 ND 0.150 0.388 

 1 30.416 40.006 8.453 10.845 0.149 1.381 1.324 1.207 4.874 0.401 0.367 0.577 

 ∂ (+/-) 0.503 0.840 0.211 0.307 0.088 0.099 0.096 0.062 0.206 0.060 0.069 0.144 

 2 45.437 10.716 21.422 12.566 2.569 0.716 4.749 0.236 0.934 0.043 0.002 0.610 

 ∂ (+/-) 0.736 0.314 0.451 0.354 0.307 0.071 0.188 0.040 0.081 0.010 ND 0.144 
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 3 52.535 9.424 10.560 7.055 5.974 2.569 8.031 0.653 0.482 0.500 0.471 1.746 

 ∂ (+/-) 0.923 0.313 0.276 0.245 0.528 0.156 0.288 0.053 0.065 0.068 0.078 0.257 

              

(d) Ca 1.484 84.234 1.618 6.487 0.021 2.004 1.442 1.152 0.961 0.594 0.003 0.002 

 ∂ (+/-) 0.054 1.180 0.065 0.185 0.005 0.112 0.060 0.045 0.061 0.048 ND ND 

 4 4.028 50.025 2.143 14.040 0.002 3.334 4.905 6.185 12.875 2.457 0.002 0.003 

 ∂ (+/-) 0.095 0.804 0.078 0.381 ND 0.165 0.130 0.103 0.402 0.099 ND 0.002 

 5 2.994 44.896 1.748 16.936 0.002 3.677 7.521 4.803 13.886 3.493 0.002 0.042 

 ∂ (+/-) 0.077 0.682 0.068 0.424 ND 0.169 0.170 0.085 0.405 0.120 ND 0.007 

∂ (+/-) Standard deviation 

ND: not detected 

 248 

In the pozzolanic reaction, amorphous silica reacts with calcium from the cement to generate calcium 249 

silicate. Therefore, a higher amount of reactive silica is related to better pozzolanic performance. The 250 

reactive silica (amorphous) content detected was 14.11 wt.% (WHRA), 18.27 wt.% (P1), and 19.11 251 

wt.% (P2). However, none of the results complied with the standard requirements for pozzolanic 252 

additions, because the reactive silica contents were lower than 25 wt.% [48]. Similarly, the sum of 253 

SiO2, Al2O3, and Fe2O3 (35.31 wt.% for WHRA, 46.57 wt.% for P1, and 47.83 wt.% for P2) did not 254 

exceed 70 wt.% [57]. To the contrary, some authors claim that pozzolanic activity is not necessarily 255 

related to the sum of "pozzolanic oxides" [58]. Therefore, in-depth study of the pozzolanic activity of 256 

the samples is justified. 257 

 258 

The presence of amorphous material, which is characteristic of pozzolanic materials [41], was 259 

confirmed in all the cases (Fig. 1) due to the small elevation of the baseline of the diffractograms 260 

between 25 and 60º (2theta) [26, 28, 54, 59–61]. It can be stated that pre-treatment did not affect the 261 

amorphous material. In fact, in contrast with previous research [39], high temperature did not increase 262 

the amorphous material in the ash, because there was no differences in the elevation of the baseline 263 

(Fig. 1). In addition, P2 caused an increase of SiO2 (38.05%), Al2O3 (27.70%), and Fe2O3 (34.95%) 264 

(Table 2), which are important oxides in term of pozzolanic activity [48, 57] as mentioned above.  265 

 266 

The results confirmed that largest amount of amorphous material in WH was in the roots (Table 2). A 267 

prior study found differences in silica content depending on the part of the plant used LARA. However, 268 

previous WH pozzolanic studies did not clearly state which part of the plant was used [41, 42]. To our 269 

knowledge, only water hyacinth petiole ash (WHPA) has been evaluated separately from other parts of 270 

the plant, and low amorphous material was detected [43]. Calcite and potassium oxide were present as 271 

major constituents in WHPA, while silica content was low (4.4 wt.%), and it was mainly in the form of 272 
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quartz [43]. Therefore, it can be concluded that the roots are more suited for the pozzolanic activity 273 

proposed here due to their higher silica content and lower crystallinity. As in other plants [62], the 274 

higher silica content in the roots is related to the genetic and life cycle of WH. WH roots can survive 275 

underwater for more than a year, whereas petioles and leaves die in less than a year. Therefore, roots 276 

are more likely to have higher silica accumulation than petioles and leaves.  277 

 278 

On the other hand, an analysis of minor components by ICP-OES was performed (Table 4) in order to 279 

identify pollutants fixed in the samples. As stated above, WH is a successful biosorbent of pollutants in 280 

water [2, 14, 18, 19] and is capable of eliminating 70% of toxic elements [63]. The results were 281 

interesting, because the roots captured 10 times more heavy metal elements than any other part of the 282 

plant [63]. Those contents can increase in waters without environmental regulation, such as in 283 

developing countries [64].  284 

 285 

Table 4. Minor components of the studied ashes by ICP-OES (ppm). 286 

Samples B Ba Cr Cu V Zn Zr Co As Cd Hg Ni Pb Sr Ru Mo 

WHRA 6410 540 100 110 80 440 111 10 ND ND 200 130 ND 550 140 180 

P1 4320 509 105 111 81 448 115 15 ND ND 217 138 ND 553 150 160 

P2 4155 527 108 116 77 452 115 16 ND ND 230 142 ND 567 107 178 

ND: not detected 

WHRA: water hyacinth root ash without pre-treatment 

P1: WHRA washing with water at 80 ºC for 4 h 

P2: WHRA washing with water at 23 ºC for 24 h. The water was replaced every 8 h. 

 287 

As a result, all the samples presented undesirable elements as minor components (Table 4). This 288 

confirmed that previous proposed uses of WH [7, 8, 10, 13–16] represent unsustainable practices, 289 

because they promote the bioaccumulation of toxic elements in food chains. This will cause long-term 290 

health problems as well as harmful environmental impacts [65]. Therefore, immobilization of those 291 

contaminants in WHRA by fixing them in cement matrices could be a new alternative solution in order 292 

to promote WHRA valorization. Therefore, pozzolanic activity analyses are needed. The effects of the 293 

minor components on cement hydration are discussed in Section 3.2. 294 

 295 

3.2. Evaluation of the pozzolanic activity  296 
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3.2.1. Lime Saturation Solution  297 

Quantitatively, WHRA, P1, and P2 could fix more than 90% of the available calcium ions after 90 days 298 

of exposure (Fig. 3). P2 showed the best performance with 95.6% fixed lime, while WHRA and P1 299 

demonstrated similar behavior, achieving 93% fixed lime at 90 days. The reaction was fast, and during 300 

the first 7 days, around 80% of the total lime was fixed. Thus, if amorphous silicon reacts with calcium 301 

ions, these results suppose that mechanical resistances will reach values close to the maximum in the 302 

first 7 days. Compared with the literature, the samples showed pozzolanic activity similar to other 303 

agrowaste from elephant grass [59], sugarcane bagasse [60], or bamboo leaf [54, 61]. However, its 304 

pozzolanic activity was poor compared with alternative pozzolanic materials coming from industrial 305 

waste, such as ceramic casts [28] or wasted catalysts of catalytic cracking [26].  306 

 307 

Once it was confirmed that there was material coming from the samples that was able to fix lime from 308 

LSS, it was necessary to develop a qualitative pozzolanic analysis. This required a hydration product 309 

characterization in order to determine if C-S-H gel had been forming. Solid products of all the samples 310 

(WHRA, P1, and P2) obtained after the LSS test at 7, 28, and 90 days were analyzed by XRD (Fig. 4 311 

(WHRA) and 7 (P1 and P2)), SEM-EDX (Fig. 6 (WHRA) and 9 (P1 and P2)), and FTIR (Fig. 5 312 

(WHRA) and 8 (P1 and P2)). 313 

 314 

 315 

 316 

Fig. 3 Lime fixed by the studied ashes over time. 317 

 318 
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Similar to pozzolans coming from other agrowaste [33, 37, 54, 59], the elevation of the baseline after 319 

the LSS test indicated the presence of amorphous C-S-H gel. It has a non-crystalline nature, so this 320 

hydrated phase was not identified by XRD patterns (Fig. 4). However, its presence was confirmed by 321 

SEM/EDX analysis (Fig. 6 and Table 5), as well as by FTIR spectra (Fig. 5). The characteristic band at 322 

950 cm-1 [66, 67] of C-S-H gel increased over time (Fig. 5). In addition, its amorphous character was 323 

confirmed by the non-sharp bands, which implied that the gel does not have a structural order [67]. All 324 

the samples presented absorption bands at 1082, 460, and 600 cm-1 (Fig. 5). Those bands indicated the 325 

existence of crystalline traces of mineralogical phases, such as quartz, cristobalite, or amorphous 326 

silicon [26]. C-S-H gel indicates that pozzolanic reactions were occurring, and it confers the 327 

mechanical resistance of the final product.  328 

 329 

Fig. 4 XRD patterns of WHRA at different points in the pozzolanic reaction. S=KCl; C=CaCO3; 330 

Q=SiO2; P=MgO; A=CaSO4; Ap=Ca5(PO4)3(OH); T= CH24Al2Mg6O23; E=Ca3Al2(SO4)3(OH)26H2O. 331 

 332 
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 333 

Fig. 5 FTIR of WHRA over time after the lime saturated solution (LSS) test. 334 

 335 

As the hydrated product in the case of WHRA (Fig. 4), ettringite was detected as a result of the reaction 336 

between the anhydrite in the ashes and the LSS (Fig. 6c). Primary ettringite is a normal product of early 337 

Portland cement hydration [45, 55]. Its initial formation does not lead to expansion [68]. The ettringite 338 

content increased with the reaction time (Fig. 4), but not all the anhydrite dissolved in the LSS. This 339 

was confirmed due to the band at 1100 cm-1 showing after 90 days of reaction (Fig. 5). Therefore, this 340 

band established the presence of other hydration products combined with sulfur with a low-crystallinity 341 

nature. Such components could interfere in the long-term durability of the mortars. 342 

 343 

 344 
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Fig. 6 SEM/EDX test of WHRA after 28 days in contact with LSS: General appearance (a) and 345 

ettringite formation (b). Ap=Ca5(PO4)3(OH). E=Ca3Al2(SO4)3(OH)26H2O. 346 

 347 

Table 5. EDX test of WHRA after 28 days in contact with LSS (Fig. 6) (wt.%). 348 

EDX SiO2 CaO Al2O3 MgO FeO Na2O K2O SO3 P2O5 Cl TiO2 MnO 

CSH (1) 47.279 28.200 9.731 2.152 2.828 0.274 5.142 1.119 0.439 0.001 0.962 1.873 

∂ (+/-) 0.811 0.685 0.251 0.107 0.339 0.051 0.207 0.062 0.061 ND 0.101 0.259 

CSH (2) 37.362 34.593 7.903 7.462 3.666 0.002 4.213 1.412 1.039 0.342 0.611 1.395 

∂ (+/-) 0.591 0.735 0.198 0.228 0.375 ND 0.172 0.065 0.084 0.057 0.082 0.216 

CSH (3) 34.488 44.498 4.955 4.219 2.702 0.002 3.228 2.976 1.431 0.030 0.007 1.464 

∂ (+/-)- 0.543 0.883 0.138 0.146 0.282 ND 0.136 0.083 0.091 0.007 0.005 0.196 

CSH (4) 32.725 43.644 6.555 4.304 1.756 0.021 2.836 6.269 0.365 0.076 0.002 1.447 

∂ (+/-) 0.601 1.008 0.189 0.168 0.255 0.006 0.142 0.138 0.056 0.039 ND 0.219 

(5) 37.381 9.639 16.293 9.577 18.071 0.002 6.723 0.489 0.321 0.123 0.129 1.253 

∂ (+/-) 0.657 0.315 0.381 0.304 1.047 ND 0.252 0.049 0.057 0.045 0.052 0.220 

(6) 20.575 20.609 15.383 31.099 0.738 0.780 2.017 1.434 4.856 1.642 0.002 0.864 

∂ (+/-) 0.426 0.607 0.383 0.813 0.239 0.090 0.154 0.083 0.248 0.330 ND 0.103 

ND: not detected 

∂ (+/-) Standard deviation 

 349 

Hence, it can be stated that the amount of fixed lime was not only caused by the samples’ pozzolanic 350 

reaction, but also by the formation of other compounds with calcium. In this sense, the phosphates of 351 

WHRA reacted with calcium ions, and hydroxyapatite (Ca5(PO4) OH) was found by XRD (Fig. 4) and 352 

microscopy (Fig. 6a).  353 

 354 

On the other hand, as it was shown before [38], sylvite was dissolved in the water of the LSS. It was 355 

confirmed by a decrease of its peaks in the solid product after the test (Fig. 4), as well as the 356 

characteristic band of sulfate around 1100 cm-1 (Fig. 5) [69]. The dissolution of sylvite causes an 357 

increase in the alkalinity of the water of the LSS. Therefore, the lime precipitates, causing an 358 

interference with the results of the LSS test. In addition, the amount of calcite increased over time due 359 

to contact with the atmosphere and the carbonation process [31]. The presence of carbonates was 360 

confirmed also by common absorption bands of C–O bonds at 1420, 875, and 720 cm-1 [26], which is 361 

related to calcite (CaCO3) (Fig. 5). Therefore, pre-treatments in order to reduce the alkali content were 362 

necessary. An in-depth study of the hydration products of the P1 and P2 samples is displayed below.  363 

 364 

Regarding P1 and P2 (Fig. 7), as well as in the case of WHRA (Fig. 4), the elevation of the baseline in 365 

the diffractograms between 15 and 60º (2theta) indicated the presence of amorphous C-S-H gel [33, 37, 366 

54, 59], which was confirmed by SEM-EDX (Fig. 9). Moreover, the FTIR spectra of both samples (P1 367 
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(Fig. 8a) and P2 (Fig. 8b)) confirmed the presence of amorphous C-S-H gel with an increasing band 368 

over time at 950 cm-1 [69]. In these cases (P1 and P2), it was more evident, because there were no 369 

interferences with the sulfate bands (Fig. 8). Even so, in terms of the amount of amorphous material, no 370 

relevant differences were found between the pre-treatment ashes (P1 and P2) and WHRA. Hence, pre-371 

treatments were not required in order to increase the pozzolanic reaction; nevertheless, the reduction of 372 

the alkali content will reduce the expansion risk in the long term.  373 

 374 

 375 

Fig. 7 XRD patterns for P1(a) and P2 (b). S=KCl; C=CaCO3; Q=SiO2; P=MgO; Ap=Ca5(PO4)3(OH); 376 

T= CH24Al2Mg6O23. 377 

 378 
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 379 

Fig. 8 Infrared absorption spectrum after the LSS test of P1(a) and P2 (b). 380 

 381 

In general terms, the composition of the C-S-H gels is commonly defined by its calcium/silicon ratio 382 

(Ca/Si), with 1.75 having been established as the optimum value for the Ca/Si ratio [55]. However, 383 

pozzolanic additions decrease the Ca/Si ratio values to less than 1, as was shown previously [59]. Table 384 

6 shows the average of 25 EDX tests performed on all the samples (WHRA, P1, and P2). The mean 385 
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Ca/Si values of the C-S-H gels of WHRA and P2 were 1.47 and 0.65, respectively (Table 6). In both 386 

cases, these values correspond to a C-S-H type I gel (Ca/Si <1.5) according to the Taylor classification 387 

[55]. Ca/Si ratios lower than 1 tend to incorporate higher amounts of aluminum, creating a C-A-S-H 388 

gel instead of a C-S-H gel [27], as occurred in P2. This phenomenon is broadly accepted [19,59,70], 389 

especially when incorporating aluminum pozzolanic materials, and no interactions in the mechanical 390 

requirements were stated.  391 

 392 

Table 6. Average values of chemical components by EDX after 28 days of reaction with LSS (wt.%). 393 

 SiO2 CaO Al2O3 MgO FeO Na2O K2O SO3 P2O5 Cl TiO2 MnO Ca/Si 

WHRA 30.004 33.549 8.854 10.727 4.156 0.310 3.244 3.333 2.390 0.821 0.491 2.121 1.473 

∂ (+/-) 0.520 0.747 0.229 0.315 0.420 0.041 0.153 0.089 0.137 0.084 0.066 0.283  

P1 26.465 33.683 13.017 10.872 5.375 1.565 3.063 1.016 2.352 0.221 0.330 2.041 1.902 

∂ (+/-) 0.395 0.467 0.259 0.279 0.107 0.083 0.078 0.028 0.093 0.020 0.015 0.067  
P2 33.707 16.951 17.126 15.502 4.507 2.271 3.768 0.555 2.582 0.121 0.114 2.795 0.658 

∂ (+/-) 0.508 0.273 0.337 0.389 0.104 0.112 0.100 0.022 0.098 0.015 0.015 0.085  

∂ (+/-) Standard deviation 

WHRA: water hyacinth root Ash without pre-treatment 

P1: WHRA washing with water at 80 ºC for 4 h 

P2: WHRA washing with water at 23 ºC for 24 h. The water was replaced every 8 h. 

 394 

Compared with WHRA, in P1 and P2, the ettringite phase disappeared as a reaction product, as well as 395 

sylvite (Fig. 7), because sulfates and potassium were dissolved during the pre-treatment, as was stated 396 

in Section 3.1. On the other hand, P1 and P2 were rich in magnesium (Table 2), which was identified as 397 

a periclase (MgO) phase by XDR (Fig. 7). When the P1 and P2 ashes were in contact with LSS, 398 

hydrotalcite (CH24Al2Mg6O23) was identified as the hydration reaction phase by XDR (Fig. 7) and by 399 

SEM (Fig. 9b) due to the reaction of magnesium as replacement for calcium. Therefore, as can be seen 400 

in Fig. 9, aluminum and magnesium were incorporated into the hydrated products. 401 

 402 

 403 

Fig. 9 SEM/EDX test of P1 (a) and P2 (b) after 28 days in contact with LSS. * = C-S-H gel within 404 
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aluminum and magnesium; # = C-S-H gel within calcium aluminum and magnesium; T= 405 

CH24Al2Mg6O23.; Ca= CaO. 406 

 407 

As it was shown previously in WHRA, the potassium fixed the calcium ions in the hydration process, 408 

and as a result, hydroxyapatite Ca5(PO4)3(OH) was kept in the final reaction (Fig. 7). This was also 409 

confirmed by FTIR spectra (Fig. 8). The characteristic hydroxyapatite (Ca5(PO4)3(OH)) bands occur at 410 

1100, 1080, 1040, 850, 600, and 575 cm-1 [70], but they overlapped with the detected bands. However, 411 

the existence of the phosphate is evident due to the presence of its characteristic band located around 412 

567 cm-1 [30]. 413 

 414 

Thus, it was concluded that the samples could react with calcium ions in order to give both C-S-H gel 415 

with different element interferences and other compounds with calcium. These incorporations into C-S-416 

H gel, as well as the calcium compounds, could affect the mechanical properties of the final product. 417 

 418 

3.2.2. Strength Activity Index 419 

Contrary to expectations, the addition of the ash did not improve the mechanical performance of the 420 

mortars (Table 7). After 90 days of curing time, the compressive strength was 48% (25-WHRA), 46% 421 

(25-P1), and 44% (25-P2) lower than that of the control OPC sample. This implies that the 25% 422 

replacement percentage is not suitable for structural purposes [52]. Furthermore, the loss of strength 423 

was similar to that in previous studies developed with WHPA [43], but in the case of WHPA, the silica 424 

content was lower and amorphous material was not detected by XRD, as discussed previously in 425 

Section 3.2.1. These two parameters suggest that better mechanical behavior should be displayed in the 426 

root ashes than in the petiole ashes, but this expectation was not realized.  427 

 428 

On the other hand, the results were in agreement to the water absorption by the blends not only at 28 429 

days of curing time but also at 90 days. Indeed, the mechanical strength values increased at 90 days, 430 

which could be due to the slowdown of the hydration product reactions due to the pozzolanic behavior 431 

of the ashes [45]. The WHRA addition increased the porosity of the sample (Fig. 10), which could be 432 

due not only to the hydration products, but also to the increase of water content to achieve the same 433 

workability. Water absorption at 90 days of curing in the samples was lower than the values at 28 days 434 
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due to the fact that new hydration product were formed because of the pozzolanic reaction. Therefore, 435 

the porous structure was refined.  436 

 437 

Table 7. Compressive strengths of mortars (MPa) and water absorption coefficient (%) with 25% ash 438 

addition. 439 

Samples 

Mechanical strength (MPa) Water absorption (%) 

28d ∂  90 d ∂  28d ∂ 90d ∂ 

OPC 59.61 ± 0.77 66.11 ± 1.50 5.20 ± 0.079 5.36 ± 0.064 

25-WHRA 29.22 ± 0.99 34.15 ± 0.67 6.24 ± 0.079 5.73 ± 0.046 

25-P1 30.72 ± 1.30 35.44 ± 0.68 6.14 ± 0.060 5.71 ± 0.029 

25-P2 27.74 ± 0.88 37.13 ± 0.85 6.37 ± 0.075 6.18 ± 0.061 

∂: Standard deviation 440 

 441 

On the other hand, the 25% replacement was fixed because of the fly ash standard [52]. However, 442 

previous studies of alternative pozzolans have stated that the optimum percentages of replacement are 443 

5%–10%. This was the case for waste ashes of bamboo leaf [35], wheat [34], corncob [71, 72], banana 444 

leaf [36]; the optimum percentage was 20% for elephant grass [37] and the combustion of biomass [58, 445 

73, 74], among other materials. This implies that a lower percentage of replacement could vary the 446 

performance of the blends. 447 

 448 

Furthermore, the results were influenced by different factors apart from the replacement percentage. In 449 

fact, the LSS test supposes that fixed lime is caused by the sample due to the amorphous silicon 450 

reaction (pozzolanic reaction). However, the hydration product analysis stated that just part of the fixed 451 

lime reacted with silicon to produce C-S-H gel. In fact, the presence of other elements, such as 452 

magnesium or phosphate (Table 2), coming from the samples reacts given other products without 453 

mechanical performance. This was the case with the hydrotalcite phase (CH24Al2Mg6O23) and the 454 

hydroxyapatite (Ca5(PO4)3(OH)), which were detected in all of the samples as a reaction product (Figs 455 

4 and 6).  456 

 457 

All the samples studied (WHRA, P1, and P2) showed high levels of magnesium (Table 2). As it was 458 
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reported before [75], magnesium inhibits C-S-H nucleation and high magnesium concentration could 459 

produce interchange reactions between Mg2+ and Ca2+ ions. Under these circumstances, calcium 460 

silicates and calcium aluminates were replaced by magnesium silicate [76, 77]. Higher amounts of 461 

magnesium were also found previously in WHPA [43], as well as in other alternative pozzolans from 462 

waste [73, 78], and the loss of mechanical properties was similar.  463 

 464 

Moreover, WH ash present pollutants in its chemical composition, such as heavy metals, because of 465 

WH’s ability to fix them in its chemical structure (Table 4). Heavy metals could be incorporated into 466 

C-S-H gel formed by pozzolanic reactions [22, 79], but the interaction was difficult to identify because 467 

of the low crystallinity [21]. It has been stated that their interaction reduces the compressive strength at 468 

earlier times [58, 80].  469 

 470 

In spite of the loss of mechanical properties, it was found that WHRA could react with calcium ions, 471 

and it could incorporate magnesium and phosphate into its hydration products. It was supposed that 472 

pollutants were also incorporate in them. Therefore, a fixed element analysis was developed to confirm 473 

this assumption. Because no significant differences were found in terms of mechanical properties and 474 

pozzolanic reactions, pre-treatment ashes were not include in the fixed element analysis.  475 

 476 

3.3. Leaching/fixed pollutants in blended cements  477 

 478 

As mentioned above, interferences during hydration reactions provoke contaminant element fixation. 479 

Therefore, a fixed element study was developed with respect to 25-WHRA in order to confirm the 480 

pollutant fixation in the WH–cement composites. 481 

Table 8 shows the pollutants detected in the different lixiviant samples. First of all, there are no heavy 482 

metal listed, excepted for vanadium in the ashes, which was fixed in 25-WHRA. Therefore, heavy 483 

metals are part of hydration compounds. Instead of heavy metals, there are other leaching elements, 484 

such as boron or barium, which are also fixed in the cement. On the other hand, the incorporation of 485 

WHRA in the cement matrix (25-WHRA) improved the fixed potassium, as well as sodium, sulfur, and 486 

chloride. The fixation percentages, compared with the theoretical values, were 73.78%, 55.28%, 487 

92.81%, and 59.08%, respectively. As mentioned above, pollutants are present in WHRA (Table 4), but 488 
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they were not found in the leaching study. Thus, they were fixed successfully in the WHRA–cement 489 

matrix. 490 

 491 

Table 8. Detected leaching elements by ICP-OES (mg/L), 492 

Elements 

Leaching (mg/L) 

L-WHRA L-OPC L-25WHRA Theoretical Value (*) LD 

Al 0.277 0.452 0.310 0.015 0.006 

B 1.952 - 0.075 0.107 0.005 

Ba 0.142 2.643 0.791 0.008 0.001 

Ca 95.034 679.595 275.726 5.227 0.001 

K 6227.630 85.446 89.782 342.520 0.001 

Mg 0.749 0.018 0.005 0.041 0.001 

Na 724.273 15.393 17.814 39.835 0.035 

S 1154.230 2.802 4.561 63.483 0.120 

Si 14.106 0.345 1.354 0.776 0.013 

V 0.035 - - - 0.002 

Cl 5724.903 25.904 128.831 314.870 0.500 

(*) Theoretical leaching value (by %) is the percentage which corresponds to the WHRA content in the 

mass of the mortar. The mortar consists of 1350 g of sand, 337.5 g of cement, 112.5 g of WHRA, and 

25 g of water. Therefore, WHRA content in the total mass of mortar would correspond to 5.5 wt.%. 

LD: limit detected. 

 493 

In order to confirm this result, pollutant mapping of 25-WHRA mortar by BSE-EDX was performed 494 

(Fig. 10). Each element was represented by one color, and an increase in saturation indicates a higher 495 

concentration of the element. In this way, the elements displayed in Fig. 11 are Cr, Zn, Ti, Hg, Cu, Ni, 496 

and Zr. All of them are minor components present in WHRA (Table 3), and their presence in OPC (Fig. 497 

11) was lower compared with that in 25-WHRA. Therefore, it can be concluded that they are fixed in 498 

cement matrix. 499 

 500 

Finally, there are no toxic elements in L25-WHRA (Table 9), so bioaccumulation in food chains does 501 

not occur. This would not be the case such elements were available as in the proposals of previous 502 

studies [7, 8, 10, 13–16]. Hence, this study confirmed the viability of the use of WHRA as an addition 503 

in cement matrices for pollutant immobilization.  504 

 505 
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 506 

Fig. 10 Pollutant mapping by BSE/EDX of 25-WHRA  507 

 508 

Fig. 11 Pollutant mapping by BSE/EDX of OPC. 509 

 510 
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4. Conclusion 511 

The huge biomass generated by WH and its great capacity to fix pollutants in its roots makes the 512 

sustainable valorization of WH biomass difficult to achieve, because it promotes the accumulation of 513 

toxic elements in food chains. Despite the fact that the immobilization of pollutants in cement matrices 514 

is a common sustainable practice, none of the previous WH–cement composite studies analyzed the 515 

effect of minor components in WH in pozzolanic reactions. Moreover, it was not clearly stated in the 516 

literature which part of the plant could be most efficiently used for the proposed pozzolanic additions. 517 

Therefore, in this research, we proposed the use of WH root ash as an alternative addition to cement 518 

matrices in order to immobilize the pollutants in WH biomass. Two water-based pre-treatments were 519 

tested as well. Chemical characterization and pozzolanic analysis of the samples were conducted. In 520 

addition, a pollutant fixed analysis was developed. 521 

 522 

According to the results, WHRA–cement composites can fix pollutants from WHRA due to their 523 

amorphous materials. Contaminant substances are incorporated into hydration products thanks to 524 

WHRA’s ability to react with calcium ions. Hence, contaminant substances, such as Hg, Zr, Ti, and V, 525 

among others, are immobilized in WHRA–cement composites.  526 

 527 

In addition, it could be concluded that WHRA are the most efficient part of the plant to use as the 528 

proposed addition. Amorphous material coming from WHRA react with calcium oxide, producing C-S-529 

H gel, which is characteristic of pozzolanic additions. However, the interference of elements such as 530 

magnesium and phosphate in the C-S-H gels provoked the reduction of the compressive strength of the 531 

samples with 25% of cement replacement. The reduction of the compressive strength was 48% (25-532 

WHRA), 46% (25-P1), and 44% (25-P2) after 90 days of curing. Finally, pre-treatments were not 533 

efficient in terms of increasing pozzolanic reactions and mechanical requirements. Thus, a low 534 

percentage of WHRA can be used as a pozzolan addition in non-structural applications. 535 

 536 

We consider this paper to be a preliminary study. It is clear that the previously proposed applications of 537 

WH generate pollutant waste. In addition, physical extraction and open-air combustion continue to be 538 

the most effective solutions for managing this pest in low-income countries. Both cases, WH waste 539 

could be used as an alternative addition in order to create a new material for non-structural elements. 540 
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This application promotes reuse of pollutant waste, and therefore, it is a low-cost material and an eco-541 

friendly composite. In fact, the cost reduction of such composites will be directly proportional to the 542 

amount of ashes added, because the raw material is waste. In addition, especially in low-income 543 

countries, WH biomass valorization promotes the eradication of the WH pest, because the extraction 544 

and combustion of WH are more profitable than the extraction of raw material from quarries and 545 

cement fabrication. Therefore, the proposed applications of this material are street furniture, paving, or 546 

precast products. However, future research regarding durability should be conducted. 547 

 548 

Acknowledge 549 

The authors gratefully acknowledge the Botany Area of University of Extremadura (Spain) for the 550 

logistical support offered. 551 

 552 

Funding 553 

This research received funding from several Spanish ministries under projects: BIA2013-48876-C3-1-554 

R, BIA2013-48876-C3-2-R and BIA2016-76643-C3-1-R.  555 

Bibliography 556 

1. Téllez, T.R., López, E., Granado, G., Pérez, E., López, R., Guzmán, J.: The Water Hyacinth, 557 

Eichhornia Crassipes: an invasive plant in the Guadiana River Basin (Spain). Aquat. Invasions. 3, 42–558 

53 (2008). doi:10.3391/ai.2008.3.1.8 559 

2. EPPO/OEPP: Eichhornia crassipes. Bull. OEPP/EPPO. 38, 441–449 (2008) 560 

3. Albano Pérez, E., Ruiz Téllez, T., Ramos Maqueda, S., Casero Linares, P.J., Vázquez Pardo, F.M., 561 

Rodriguez Medina, P.L., Labrador Moreno, J., López Gallego, F., González Cortés, J., Sánchez 562 

Guzmán, J.M.: Seed germination and risks of using the invasive plant Eichhornia crassipes (Mart.) 563 

Solms-Laub. (water hyacinth) for composting, ovine feeding and biogas production. Acta Bot. Gall. 564 

162, 203–214 (2015). doi:10.1080/12538078.2015.1056227 565 

4. Güereña, D., Neufeldt, H., Berazneva, J., Duby, S.: Water hyacinth control in Lake Victoria: 566 

Transforming an ecological catastrophe into economic, social, and environmental benefits. Sustain. 567 

Prod. Consum. 3, 59–69 (2015). doi:10.1016/j.spc.2015.06.003 568 

5. Mbula, M.: Impacts of Water Hyacinth on socio-economic activitives on Kafubu River in the 569 

Copperbelt Province: A Case Study of Ndola District, Zambia. A Dissertation Submitted in Partial 570 



27 

 

Fulfillment of the Requirements for the Degree of Master in Integrated Water Resources Management 571 

of the University of Dar es Salaam (2016) 572 

http://www.waternetonline.org/download/data/download/00000130/Mercy-Mbula-Final-573 

Dissertation.pdf (accessed March 8, 2019). 574 

6. United Nations Environment Programme (UNEP): Water hyacinth – Can its aggressive invasion be 575 

controlled? Unep- Glob. Environ. Alert Serv. 7, 1–17 (2013). doi:10.1016/j.envdev.2013.05.002 576 

7. Su, W., Sun, Q., Xia, M., Wen, Z., Yao, Z.: The resource utilization of  Water Hyacinth (Eichhornia 577 

crassipes [Mart.] Solms) and its challenges. Resources. 7, (2018). doi:10.3390/resources7030046 578 

8. Adeoye, G.O., Sridhar, M.K.C., Ipinmoroti, R.R.: Potassium recovery from farm wastes for crop 579 

growth. Commun. Soil Sci. Plant Anal. 32, 2347–2358 (2001). doi:10.1081/CSS-120000377 580 

9. Hermoso-López Araiza, J.P., Quecholac-Piña, X., Beltrán-Villavicencio, M., Espinosa-Valdemar, 581 

R.M., Vázquez-Morillas, A.: Integral valorization of the Water Hyacinth from the Canals of 582 

Xochimilco: Production of edible mushrooms and forage. Waste and Biomass Valorization. 7, 1203–583 

1210 (2016). doi:10.1007/s12649-016-9526-0 584 

10. Kumari, S., Das, D.: Biohythane production from sugarcane bagasse and water hyacinth: A way 585 

towards promising green energy production. J. Clean. Prod. 207, 689–701 (2019). 586 

doi:10.1016/J.JCLEPRO.2018.10.050 587 

11.  Manivannan, A., Narendhirakannan, R.T.: Bioethanol production from aquatic weed Water 588 

Hyacinth (Eichhornia crassipes) by yeast fermentation. Waste and Biomass Valorization. 6, 209–216 589 

(2015). doi:10.1007/s12649-015-9347-6 590 

12. Rezania, S., Din, M.F.M., Taib, S.M., Mohamad, S.E., Dahalan, F.A., Kamyab, H., Darajeh, N., 591 

Ebrahimi, S.S.: Ethanol production from Water Hyacinth (Eichhornia crassipes) using various types of 592 

enhancers based on the consumable sugars. Waste and Biomass Valorization. 9, 939–946 (2018). 593 

doi:10.1007/s12649-017-9883-3 594 

13. Brunerová, A., Roubik, H., Brozek, M.: Agricultural residues in Indonesia and Vietnam and their 595 

potential for direct combustion: With a focus on fruit processing and plantation crops. Agron. Res. 16, 596 

656–668 (2018). doi:10.15159/AR.18.113 597 

14. Gunnarsson, C.C., Petersen, C.M.: Water Hyacinths as a resource in agriculture and energy 598 

production: A literature review. Waste Manag. 27, 117–129 (2007). doi:10.1016/j.wasman.2005.12.011 599 



28 

 

15. Rezania, S., Md Din, M.F., Kamaruddin, S.F., Taib, S.M., Singh, L., Yong, E.L., Dahalan, F.A.: 600 

Evaluation of Water Hyacinth (Eichhornia crassipes) as a potential raw material source for briquette 601 

production. Energy. 111, 768–773 (2016). doi:10.1016/j.energy.2016.06.026 602 

16. Rezania, S., Ponraj, M., Din, M.F.M., Songip, A.R., Sairan, F.M., Chelliapan, S.: The diverse 603 

applications of water hyacinth with main focus on sustainable energy and production for new era: An 604 

overview. Renew. Sustain. Energy Rev. 41, 943–954 (2015). doi:10.1016/J.RSER.2014.09.006 605 

17. Carnaje, N.P., Talagon, R.B., Peralta, J.P., Shah, K., Paz-Ferreiro, J.: Development and 606 

characterisation of charcoal briquettes from water hyacinth (Eichhornia crassipes)-molasses blend. 607 

PLoS ONE. 13 (11): e0207135 (2018). doi:10.1371/journal.pone.0207135 608 

18. Mahamadi C.: Water hyacinth as a biosorbent: A review. African J. Environ. Sci. Technol. 5, 609 

1137–1145 (2012). doi:10.5897/AJESTX11.007 610 

19. Mishra, S., Maiti, A.: The efficiency of Eichhornia crassipes in the removal of organic and 611 

inorganic pollutants from wastewater: a review. Environ. Sci. Pollut. Res. 24, 7921–7937 (2017). 612 

doi:10.1007/s11356-016-8357-7 613 

20. Ahmad, P.: Plant metal interaction emerging remediation techniques. Elservier, Amsterdam, 614 

Netherland (2016) 615 

21. Chen, Q.Y., Tyrer, M., Hills, C.D., Yang, X.M., Carey, P.: Immobilisation of heavy metal in 616 

cement-based solidification/stabilisation: A review. Waste Manag. 29, 390–403 (2009). 617 

doi:10.1016/j.wasman.2008.01.019 618 

22. Li, X., Chen, Q., Zhou, Y., Tyrer, M., Yu, Y.: Stabilization of heavy metals in MSWI fly ash using 619 

silica fume. Waste Manag. 34, 2494–504 (2014). doi:10.1016/j.wasman.2014.08.027 620 

23. Pavlík, Z., Fořt, J., Záleská, M., Pavlíková, M., Trník, A., Medved, I., Keppert, M., Koutsoukos, 621 

P.G., Černý, R.: Energy-efficient thermal treatment of sewage sludge for its application in blended 622 

cements. J. Clean. Prod. 112, 409–419 (2016). doi:10.1016/J.JCLEPRO.2015.09.072 623 

24. Aprianti S, E.: A huge number of artificial waste material can be supplementary cementitious 624 

material (SCM) for concrete production - a review part II. J. Clean. Prod. 142, 4178–4194 (2015). 625 

doi:10.1016/j.jclepro.2015.12.115 626 

25. Ay, N., Ünal, M.: The use of waste ceramic tile in cement production. Cem. Concr. Res. 30, 497–627 

499 (2000). doi:10.1016/S0008-8846(00)00202-7 628 



29 

 

26. García de las Lomas-Gómez, M.: Viabilidad científica, técnica y medioambiental del Catalizador 629 

Gastado de Craqueo Catalíco (FCC) como material puzolánico, Autonomous University of Madrid 630 

(2015) 631 

27. Paris, J.M., Roessler, J.G., Ferraro, C.C., DeFord, H.D., Townsend, T.G.: A review of waste 632 

products utilized as supplements to Portland cement in concrete. J. Clean. Prod. 121, 1–18 (2016). 633 

doi:10.1016/j.jclepro.2016.02.013 634 

28. Asensio, E., Medina, C., Frías, M., Sanchez de Rojas, M.I.: Characterization of ceramic-based 635 

construction and demolition waste: Use as pozzolan in cements. J. Am. Ceram. Soc. 99, 4121–4127 636 

(2016). doi:10.1111/jace.14437 637 

29. Garcés, P., Pérez Carrión, M., García-Alcocel, E., Payá, J., Monzó, J., Borrachero, M. V.: 638 

Mechanical and physical properties of cement blended with sewage sludge ash. Waste Manag. 28, 639 

2495–2502 (2008). doi:10.1016/j.wasman.2008.02.019 640 

30. Tantawy, M.A., El-Roudi, A.M., Abdalla, E.M., Abdelzaher, M.A.: Evaluation of the Pozzolanic 641 

Activity of Sewage Sludge Ash. ISRN Chem. Eng. 2012, 1–8 (2012). doi:10.5402/2012/487037 642 

31. Hashemi, S.S.., Mahmud, H.B., Djobo, J.N.Y., Ghuan-Tan, C., Chin-Ang, B., Ranjbar, N.: 643 

Microstructural characterization and mechanical properties of bottom ash mortar. J. Clean. Prod. 170, 644 

797–804 (2018). doi:10.1016/j.jclepro.2017.09.191 645 

32. Aprianti, E., Shafigh, P., Bahri, S., Farahani, J.N.: Supplementary cementitious materials origin 646 

from agricultural wastes - A review. Constr. Build. Mater. 74, 176–187 (2015). 647 

doi:10.1016/j.conbuildmat.2014.10.010 648 

33. Morales, E.V., Villar-Cociña, E., Frías, M., Santos, S.F., Savastano, H.: Effects of calcining 649 

conditions on the microstructure of sugar cane waste ashes (SCWA): Influence in the pozzolanic 650 

activation. Cem. Concr. Compos. 31, 22–28 (2009). doi:10.1016/j.cemconcomp.2008.10.004 651 

34. Mo, K.H., Alengaram, U.J., Jumaat, M.Z., Yap, S.P., Lee, S.C.: Green concrete partially comprised 652 

of farming waste residues: A review. J. Clean. Prod. 117, 122–138 (2016). 653 

doi:10.1016/j.jclepro.2016.01.022 654 

35. Umoh, A.A., Odesola, I.: Characteristics of bamboo leaf ash blended cement paste and mortar. Civ. 655 

Eng. Dimens. 17, 22–28 (2015). doi:10.9744/ced.17.1.22-28 656 



30 

 

36. Kanning, R.C., Portella, K.F., Bragança, M.O.G.P., Bonato, M.M., Dos Santos, J.C.M.: Banana 657 

leaves ashes as pozzolan for concrete and mortar of Portland cement. Constr. Build. Mater. 54, 460–658 

465 (2014). doi:10.1016/j.conbuildmat.2013.12.030 659 

37. Nakanishi, E.Y., Frías, M., Santos, S.F., Rodrigues, M.S., Vigil de la Villa, R., Rodriguez, O., 660 

Junior, H.S.: Investigating the possible usage of elephant grass ash to manufacture the eco-friendly 661 

binary cements. J. Clean. Prod. 116, 236–243 (2015). doi:10.1016/j.jclepro.2015.12.113 662 

38. Cobreros, C., Reyes-Araiza, J.L., Manzano-Ramírez, A., Nava, R., Rodríguez, M., Mondragón-663 

Figueroa, M., Apátiga, L.M., Rivera-Muñoz, E.M.: Barley straw ash: Pozzolanic activity and 664 

comparison with other natural and artificial pozzolans from M??xico. BioResources. 10, 3757–3774 665 

(2015). doi:10.15376/biores.10.2.3737-3774 666 

39. Riding, K.A., Ataie, F.F.: Multiscale chemico-thermo-hydro-mechanical modeling of early-stage 667 

hydration and shrinkage of cement compounds. J. Mater. Civ. Eng. 27, 1239–1247 (2013). 668 

doi:10.1061/(ASCE)MT 669 

40. Lara-Serrano, J.S., Rutiaga-Quiñones, O.M., López-Miranda, J., Fileto-Pérez, H.A., Pedraza-Bucio, 670 

F.E., Rico-Cerda, J.L., Rutiaga-Quiñones, J.G.: Physicochemical characterization of Water Hyacinth 671 

(Eichhornia crassipes (Mart.) Solms). BioResources. 11, 7214–7223 (2016). 672 

doi:10.15376/biores.11.3.7214-7223 673 

41. Makhlouf, A.A.A.H.: Application of Water Hyacinth Ash as a partial replacement for cement, 674 

Cairo University, (2002) 675 

42. Abdel-Hay, A.S., Fawzy-Ghany, Y.A.: Impact of Water Hyacinth on properties of concrete made 676 

with various gravel to dolomite ratios. In: Third Intl. Conf. Advances in Civil, Structural and 677 

Mechanical Engineering-CSM. pp. 76–80. Institute of Research Engineers and Doctors, USA (2015). 678 

doi: 10.15224/ 978-1-63248-062-0-59 679 

43. Das, N., Singh, S.: Evaluation of Water Hyacinth stem ash as pozzolanic material for use in 680 

blended cement. J. Civ. Eng. Sci. Tecnhology. 7, 1–8 (2016). doi: 681 

https://doi.org/10.33736/jcest.150.2016 682 

44. Nakanishi, E.Y., Villar-Cociña, E., Santos, S.F., Rodrigues, M.S., Pinto, P.S., Savastano, H.: 683 

Thermal and chemical treatments for removal of alkali oxides of elephant grass ashes. Quim. Nova. 37, 684 

766–769 (2014). doi:10.5935/0100-4042.20140123 685 

45. Lea, F.M.: Lea’s Chemistry of Cement and Concrete. (1935) 686 



31 

 

46. Thomas, M.: The effect of supplementary cementing materials on alkali-silica reaction: A review. 687 

Cem. Concr. Res. 41, 1224–1231 (2011). doi:10.1016/j.cemconres.2010.11.003 688 

47. United States Environmental Protection Agency (US-EPA) 600/4-79-020, 1983. Methods for 689 

Chemical Analysis of Water and Wastes. 690 

48. EN 197-1: European Standard for Cement. Part 1: Composition, specifications and conformity 691 

criteria for common cements (2011) 692 

49. EN-196-1: European Standard for Method of testing cement. Methods of testing cement - Part 1: 693 

Determination of strength (2005) 694 

50. EN 196-2: European Standard for Method of testing cement - Part 2: Chemical analysis of cement 695 

(2014) 696 

51. Sánchez de Rojas, M.I., Marín, F., Rivera, J., Frías, M.: Morphology and properties in blended 697 

cements with ceramic wastes as a pozzolanic material. J. Am. Ceram. Soc. 89, 3701–3705 (2006). 698 

doi:10.1111/j.1551-2916.2006.01279.x 699 

52. EN 450-1: European Standard for Fly ash for concrete. Part 1: Definition, specifications and 700 

conformity criteria (2013) 701 

53. ASTM C642: Standard Test Method for Density, Absorption, and Voids in Hardened Concrete. 702 

(2006) 703 

54. Frías, M., Savastano, H., Villar, E., Sánchez De Rojas, M.I., Santos, S.: Characterization and 704 

properties of blended cement matrices containing activated bamboo leaf wastes. Cem. Concr. Compos. 705 

34, 1019–1023 (2012). doi:10.1016/j.cemconcomp.2012.05.005 706 

55. Taylor, H.F.W.: Cement chemistry. T. Telford (1997) 707 

56. Calleja, J., Olmo, C.: Lo cal libre de los cementos y la expansión en autoclave. Mater. 708 

Construcción. 21, 617–119 (1971) 709 

57. ASTM C618-05: Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan 710 

for Use in Concrete. (2005) 711 

58. Berra, M., Mangialardi, T., Paolini, A.E.: Reuse of woody biomass fly ash in cement-based 712 

materials. Constr. Build. Mater. 76, 286–296 (2015). doi:10.1016/j.conbuildmat.2014.11.052 713 

59. Nakanishi, E.Y., Frías, M., Martínez-Ramírez, S., Santos, S.F., Rodrigues, M.S., Rodríguez, O., 714 

Savastano, H.: Characterization and properties of elephant grass ashes as supplementary cementing 715 



32 

 

material in pozzolan/Ca(OH)2 pastes. Constr. Build. Mater. 73, 391–398 (2014). 716 

doi:10.1016/j.conbuildmat.2014.09.078 717 

60. Frías, M., Villar-Cociña, E., Valencia-Morales, E.: Characterisation of sugar cane straw waste as 718 

pozzolanic material for construction: Calcining temperature and kinetic parameters. Waste Manag. 27, 719 

533–538 (2007). doi:10.1016/j.wasman.2006.02.017 720 

61. Villar Cociña, E., Savastano, H., Rodier, L., Lefran, M., Frías, M.: Pozzolanic characterization of 721 

cuban bamboo leaf ash: calcining temperature and kinetic parameters. Waste and Biomass 722 

Valorization. 9, 691–699 (2018). doi:10.1007/s12649-016-9741-8 723 

62. Rao, G.B., Susmitha, P.: Silicon uptake, transportation and accumulation in Rice. J. Pharmacogn. 724 

Phytochem. 6, 290–293 (2017). http://www.phytojournal.com/archives/2017/vol6issue6/PartE/6-5-385-725 

299.pdf (accessed March 23, 2019). 726 

63. Sindhu, R., Binod, P., Pandey, A., Madhavan, A., Alphonsa, J.A., Vivek, N., Gnansounou, E., 727 

Castro, E., Faraco, V.: Water hyacinth a potential source for value addition: An overview. Bioresour. 728 

Technol. 230, 152–162 (2017). doi:10.1016/j.biortech.2017.01.035 729 

64. Fu, F., Wang, Q.: Removal of heavy metal ions from wastewaters: A review. J. Environ. Manage. 730 

92, 407–418 (2011). doi:10.1016/J.JENVMAN.2010.11.011 731 

65. Sing, J., Kalamdhad, A.S.: Bioavailability and leachability of heavy metals during water hyacinth 732 

composting. Chem. Speciat. Bioavailab. 25, 1–14 (2013). doi:10.3184/095422913X13584520294651 733 

66. Vázquez Moreno, T.: Contribución al estudio de los reacciones de hidratación del cemento portland 734 

por espectroscopia infrarroja. Mater. Construcción. 26, 51–63 (2013). 735 

doi:10.3989/mc.1976.v26.i163.1225 736 

67. Yu, P., Kirkpatrick, R.J., Poe, B., McMillan, P.F., Cong, X.: Structure of calcium silicate hydrate 737 

(C-S-H): near-, mid-, and far-infrared spectroscopy. J. Am. Ceram. Soc. 82, 742–748 (1999). 738 

doi:10.1111/j.1151-2916.1999.tb01826.x 739 

68. Skalny, J., Johansen, V., Ïhaulow, N., Palomo, A.: DEF: As a form of sulfate attack. Mater. 740 

Construcción. 46, (1996) 741 

69. Piqué, T., Vázquez, A.: Uso de espectroscopía infrarroja con transformada de fourier (FTIR) en el 742 

estudio de la hidratación del cemento. Concreto y Cem. Investig. y Desarro. 3, 62–71 (2012) 743 

70. Diouri, A., Boukhari, A., Aride, J., Puertas, F.: Research of the lime rich portions of the CaO - 744 

SiO2 - P2O5 system. Mater. Construcción. 45, 3–13 (1995). doi:10.3989/mc.1995.v45.i237.563 745 



33 

 

71. Adesanya, D.A., Raheem, A.A.: Development of corn cob ash blended cement. Constr. Build. 746 

Mater. 23, 347–352 (2009). doi:10.1016/j.conbuildmat.2007.11.013 747 

72. Adesanya, D.A., Raheem, A.A.: A study of the workability and compressive strength 748 

characteristics of corn cob ash blended cement concrete. Constr. Build. Mater. 23, 311–317 (2009). 749 

doi:10.1016/j.conbuildmat.2007.12.004 750 

73.  Raheem, A.A., Olasunkanmi, B.S., Folorunso, C.S.: Saw dust ash as partial replacement for 751 

cement in concrete. Organ. Technol. Manag. Constr. An Int. J. 4, 474–480 (2012). 752 

doi:10.5592/otmcj.2012.2.3 753 

74. Rajamma, R., Ball, R.J., Tarelho, L.A.C., Allen, G.C., Labrincha, J.A., Ferreira, V.M.: 754 

Characterisation and use of biomass fly ash in cement-based materials. J. Hazard. Mater. 172, 1049–755 

1060 (2009). doi:10.1016/j.jhazmat.2009.07.109 756 

75. Bazzoni, A., Suhua, M., Wang, Q., Shen, X., Cantoni, M., Scrivener, K.L.: The effect of 757 

magnesium and zinc ions on the hydration kinetics of C3S. J. Am. Ceram. Soc. 97, 3684–3693 (2014). 758 

doi:10.1111/jace.13156 759 

76. Biczók, I.: Concrete corrosion and concrete protection. Chemical Publishing Company, New York 760 

(1967) 761 

77. Ludwing, U.: Sobre el fraguado y eridurecimiento de cementos. Mater. Construcción. 22, 57–70 762 

(1972) 763 

78. Tangchirapat, W., Saeting, T., Jaturapitakkul, C., Kiattikomol, K., Siripanichgorn, A.: Use of waste 764 

ash from palm oil industry in concrete. Waste Manag. 27, 81–88 (2007). 765 

doi:10.1016/j.wasman.2005.12.014 766 

79. Yousuf, M., Mollah, A., Vempati, R.K., Lin, T.C., Cocke, D.L.: The interfacial chemistry of 767 

solidification stabilization of metals in cement and pozzolanic material systems. Waste Manag. 15, 768 

137–148 (1995). doi:https://doi.org/10.1016/0956-053X(95)00013-P 769 

80. Gineys, N., Aouad, G., Damidot, D.: Managing trace elements in Portland cement - Part I: 770 

Interactions between cement paste and heavy metals added during mixing as soluble salts. Cem. Concr. 771 

Compos. 32, 563–570 (2010). doi:10.1016/j.cemconcomp.2010.06.002 772 


